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ABSTRACT
A h i g h l y  s t a b l e  and  q u i e t  i n d u c t i o n - c o u p l e d  r a d i o - f r e q u e n c y  
plasma, t o r c h  c a p a b l e  o f  c o n t i n u o u s  o p e r a t i o n  ha.s b e e n  d e v e l o p e d  and 
th e  e l e c t r o n i c  s p e c t r a  p ro d u c e d  by v a r i o u s  compounds when i n t r o d u c e d  
i n t o  t h e  p la s m a  d i s c h a r g e  have  b e e n  s t u d i e d .  The t o r c h  p r o v i d e s  
f o u r  d i s t i n c t  d i s c h a r g e  r e g i o n s ;  ( l )  t h e  c o r e ,  a  b r i l l i a n t  r e g i o n  
w here  t h e  d i s c h a r g e  o r i g i n a t e s ,  ( 2 )  t h e  s e c o n d a r y  o r  t r a n s i t i o n  r e ­
g i o n ,  ( 3 )  t h e  t a i l  f l a m e ,  a  t r a n s p a r e n t  r e g i o n  c o l o r e d  by t h e  p la sma 
gas  and s a m p l e ,  and ( ^ )  t h e  a f t e r  f l am e  r e g i o n ,  t h e  r e g i o n  e x t e n d i n g  
beyond t h e  c o o l a n t  t u b e  i n t o  t h e  a t m o s p h e r e .
S am ples  w ere  i n t r o d u c e d  i n t o  one  o f  t h r e e  p l a c e s  i n  t h e  t o r c h ’
(1 )  d i r e c t l y  i n t o  t h e  c o r e ,  ( 2 )  i n t o  t h e  c o o l a n t  g a s  t h a t  sweeps 
p a s t  t h e  c o r e  o r  ( 3 ) i n t o  t h e  s e c o n d a r y  r e g i o n  o r  t a i l  f l am e  v i a  a 
s i d e  arm on t h e  c o o l a n t  t u b e .  The r e l a t i o n s h i p  b e tw e e n  t h e  e l e c ­
t r o n i c  s p e c t r a ,  and t h e  f o l l o w i n g  w ere  s t u d i e d ;  (1 )  f u n c t i o n a l  g r o u p ,
( 2 ) c o m p o s i t i o n  o f  s a m p l e ,  ( 3 ) c o m p o s i t i o n  o f  p la sm a  g a s ,  (b )  r a d i o ­
f r e q u e n c y  pow er ,  ( 5 ) p l a c e  o f  s am p le  i n j e c t i o n ,  and ( 6 )  h e i g h t  a t  
w h ich  s p e c t r u m  was r e c o r d e d .  The s e n s i t i v i t y  o f  v a r i o u s  e m i s s i o n  
p eaks  was d e t e r m i n e d .  The PO ( 3 2 ^ 5 ^ ) ,  CN ( 3883^ )  aad  C2 ( 5 I 65&) 
bands  w ere  fo u n d  t o  h a v e  a v e r a g e  d e t e c t i o n  l i m i t s  o f  O. b ,  ^ and
10 i ^ g . / s e c . ,  r e s p e c t i v e l y .
A s e r i e s  o f  p a r a f f i n i c  o l e f i n s  r e p r e s e n t i n g  t h e  f i v e  t y p e s  o f  
o l e f i n s  w e re  s t u d i e d  i n d i v i d u a l l y  by NMR s p e c t r o m e t r y  a t  60 MHz.
On t h e  b a s i s  o f  t h e s e  s t u d i e s  complex  s am ple s  o f  t h e  f o u r  t y p e s  o f
x i
o l e f i n s  w i t h  o l e f i n  h y d ro g e n s  were  s t u d i e d  f u r t h e r .
The t e c h n i q u e  o f  q u a n t i t a t i v e  a n a l y s i s  was d e v e l o p e d  w i t h  s p i n  
d e c o u p l i n g  o f  t h e  m e th y le n e  h y d r o g e n s  a d j a c e n t  t o  t h e  o l e f i n .  T h i s  
a l l o w e d  q u a n t i t a t i v e  a n a l y s i s  by ty p e  o f  t h r e e  o l e f i n  t y p e s ,
RCH2CH = CH2 , R-CH = CH-R, and R2C = CH2 , i n  m i x t u r e  o f  o l e f i n s  w i t h  
p r e c i s i o n  and  a c c u r a c y  o f  t h e  o r d e r  o f  +  1 . 0 ^  ( m o l a r ) .
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CHAPTER I
SPECTROSCOPIC STUDY OF RAD10-FREQUENCY PLASMA
A. INTRODUCTION
E l e c t r o n i c  s p e c t r a  e m i t t e d  f rom e l e c t r i c a l  d i s c h a r g e s  t h ro u g h  
g a s e s  have b een  s t u d i e d  s i n c e  the  e a r l y  b e g i n n i n g  o f  s p e c t r o s c o p y .  
S t u d i e s  o f  r a d i o - f r e q u e n c y  s t i m u l a t e d  e m i s s i o n  d a t e s  a p p r o x i m a t e l y  
from the  i n v e n t i o n  o f  t h e  T e s l a  c o i l .  E x c i t a t i o n  by the  T e s l a  c o i l  
was a d a p t e d  t o  p r a c t i c a l  s p e c t r o c h e m i c a l  a n a l y s i s  by G e r l a c h  and 
S c h w e i t z e r  i n  1931 ( l 8 ) .  Such p lasm a s o u r c e s  have  been  u sed  f r e q u e n t ­
l y  t o  o b t a i n  i n f o r m a t i o n  on s p e c t r o m e t r i c  c o n s t a n t s  and much o f  th e  
i n f o r m a t i o n  o f  the  s p e c t r a  o f  d i a t o m i c  m o l e c u le s  h a s  been  o b t a i n e d  
from r e d u c e d  p r e s s u r e  p la sm as  ( 3 6 ) .  A l though  e l e c t r i c a l l y  s t i m u ­
l a t e d  p l a s m a s ,  p a r t i c u l a r l y  a t  r e d u c e d  p r e s s u r e ,  have been  s t u d i e d  
f o r  a  l o n g  t im e  few a n a l y t i c a l  methods have  been  d e v e l o p e d .
The mos t  common use  o f  r a d i o - f r e q u e n c y  s t i m u l a t e d  d i s c h a r g e  i s  
t h e  u s e  o f  a  T e s l a  o r  s p a r k  c o i l  to  e x c i t e  t h e  r e d  band s p e c t ru m  o f  
n i t r o g e n  and i s  w i d e l y  u s e d  a s  a l e a k  d e t e c t o r  i n  vacuum s y s t e m s .
Fay  e t  a l .  (1 3 ) have  s t u d i e d  th e  a p p l i c a t i o n  o f  t h i s  t e c h n i q u e  i n  
v a r i o u s  g a s e s .  They h ave  found t h i s  t e c h n i q u e  p a r t i c u l a r l y  s e n s i t i v e  
f o r  d e t e r m i n i n g  low c o n c e n t r a t i o n s  o f  n i t r o g e n  i n  a r g o n .  McCormack
(32)  and McCormack, Tong and Cooke (33 )  have  e x t e n s i v e l y  i n v e s t i g a t e d  
t h e  u s e  o f  microwave s t i m u l a t e d  a r g o n  p lasm a f o r  u s e  a s  a  gas  chroma­
t o g r a p h i c  d e t e c t o r .  The d e t e c t o r  may be o p e r a t e d  a t  r e d u c e d  p r e s s u r e  
and i s  p a r t i c u l a r l y  a p p l i c a b l e  t o  th e  f i e l d  o f  p e s t i c i d e  r e s i d u e
1
2a n a l y s i s  w h e re  h i g h  s e n s i t i v i t y  i s  r e q u i r e d .
S e v e r a l  a u t h o r s  h a v e  a l s o  r e p o r t e d  u s i n g  p l a s m a  t o r c h e s  a s  e m i s ­
s i o n  s p e c t r a  s o u r c e s .  T h i s  t h e s i s  i s  c o n c e r n e d  w i t h  s t u d i e s  o f  t h i s  
phenomenon.
P la s m a  h a s  b een  d e f i n e d  by Reed (U9  ) a s  " t h e  r e g i o n  i n  a  gas  
d i s c h a r g e  w h ic h  c o n t a i n s  a n  e q u a l  number o f  p o s i t i v e  i o n s  a n d  e l e c ­
t r o n s  and  i s  ( t h e r e f o r e )  n e a r l y  n e u t r a l . "  The s i m p l e s t  fo rm  of  
.p la sm a  t o r c h  i s  a  s i n g l e  q u a r t z  tu b e  c l o s e d  a t  one end  and  t h e  g a s  
i s  i n t r o d u c e d  t a n g e n t i a l l y  i n t o  t h i s  c l o s e d  e n d .  The g a s  r i s e s  i n  
t h e  t u b e  i n  a  s w i r l i n g  f a s h i o n  d e v e l o p i n g  a v o r t e x .  A round t h e  tu b e  
i s  r a p p e d  a  few t u r n s  o f  w a t e r  c o o l e d  c o p p e r  t u b i n g  w h ic h  makes up 
p a r t  o f  t h e  t a n k  c i r c u i t  o f  a  r a d i o - f r e q u e n c y  g e n e r a t o r .
I n d u c t i o n - c o u p l e d  t o r c h e s  a r e  n o t  s e l f  i n i t i a t i n g  and  t h u s  i n i ­
t i a l  i o n i z a t i o n  o f  t h e  p la sm a  gas  i s  o b t a i n e d  w i t h  a  s p a r k  o r  t h e  
i n t r o d u c t i o n  o f  a  g r a p h i t e  r o d  i n t o  t h e  f i e l d  w h ic h  w i l l  c a u s e  i o n i ­
z a t i o n  when i t  i s  h e a t e d  t o  a  g l o w i n g  r e d .  Once t h e  p l a s m a  i s  fo rm ed  
i t  mus t  be p r o p a g a t e d  a g a i n s t  t h e  g a s  f l o w  i n  t h e  r f  f i e l d  s i n c e  t h e  
p l a s m a  i s  c o n t i n u a l l y  b e i n g  s w e p t  away by t h e  gas  f l o w ,  o t h e r w i s e  t h e  
p la s m a  e x t i n g u i s h e s  l i k e  an  u n s t a b i l i z e d  f l a m e .
Argon  i s  t h e  s i m p l e s t  g a s  i n  w h ic h  t o  s t a r t  and  t o  o p e r a t e  a  
p la s m a  and  m os t  w o r k e r s  s t a r t  t h e i r  p l a s m a s  i n  a r g o n  and  t h e n  s l o w l y  
ch a n g e  o v e r  t o  t h e  g a s  o r  g a s  m i x t u r e  d e s i r e d .  A rg o n  i s  t h e  e a s i e s t  
g a s  f rom  w h ic h  t o  fo rm a p l a s m a ,  p r o b a b l y  b e c a u s e  o f  i t s  low h e a t  
c a p a c i t y  a t  i o n i z i n g  t e m p e r a t u r e s  and  i t s  p o o r  t h e r m a l  c o n d u c t i v i t y  
( 5 0 ) .
Reed h a s  r e p o r t e d  o p e r a t i n g  p l a s m a  t o r c h e s  i n  a r g o n  and  a r g o n  
m i x t u r e s  o f  20$  a i r ,  h e l i u m  o r  h y d r o g e n  o r  50$  oxygen  u s i n g  a  10  kVA
5g e n e r a t o r  o p e r a t i n g  a t  U MHz. He a l s o  s p e c u l a t e s  t h a t  w i t h  i n c r e a s e d  
power and  im proved  methods  o f  c o o l i n g  t h e  t o r c h  any g a s  o r  m i x t u r e  
ca n  be u s e d .
A c c o r d i n g  t o  Reed t e m p e r a t u r e s  i n  a n  a r g o n  p la sm a  a s  h i g h  as
1 6 , 0 0 0  t o  2 5 ,000°K h a v e  b e e n  o b t a i n e d  i n  t h e  c o r e  o f  t h e  d i s c h a r g e .
He i n d i c a t e s  t h a t  t h e r m a l  e q u i l i b r i u m  e x i s t s  i n  p o r t i o n s  o f  t h e  p l a s ­
ma.  However,  o t h e r  a u t h o r s  ( 2 0 ,  2 1 ,  5 8 , 5 9 )  i n d i c a t e  t h a t  t h e r m a l  
e q u i l i b r i u m  does  n o t  e x i s t  and t h a t  w h i l e  e l e c t r o n  t e m p e r a t u r e s  o f  
25 ,000°K  may be e a s i l y  o b t a i n e d ,  t h e r m a l  t e m p e r a t u r e s  o f  much lo w e r  
t e m p e r a t u r e s  a r e  o b t a i n e d .
In  g e n e r a l  t h e  i n d u c t i o n - c o u p l e d  t o r c h  o p e r a t e s  a s  a  t r a n s f o r m -
*
e r  w i t h  t h e  w o r k in g  c o i l  b e i n g  t h e  p r i m a r y  and  t h e  f l o w i n g  s t r e a m  
o f  t h e  p la sm a  b e i n g  t h e  s i n g l e  t u r n  s e c o n d a r y .  I n  g e n e r a l ,  "pow e r"  
t r a n s f e r  h a s  b e e n  o f  t h e  o r d e r  o f  40 t o  JO<f0. W hi le  t h e  t e r m  " pow e r"  
i s  n o t  r i g o r o u s l y  c o r r e c t  i t  w i l l  be u s e d  t h r o u g h o u t  and  t h e  u n i t s  
o f  power w i l l  be e x p r e s s e d  a s  v o l t - a m p s  r a t h e r  t h a n  w a t t s .
T h e re  a r e  b a s i c l y  f o u r  t y p e s  o f  p la s m a  t o r c h e s  o r  j e t s  a v a i l ­
a b l e .  The s i m p l e s t  ty p e  o f  t o r c h  i s  t h e  D.C. t o r c h  r e p o r t e d  by 
R a i s e n  e t  a l .  ( ^ 7 ) .  A much more e l e g a n t  one was  u s e d  by G r e e n f i e l d ,  
J o n e s  and B e r r y  ( 2 0 ) .  I n  t h i s  t y p e  o f  t o r c h  a  r o d  c a t h o d e  and a  
d i s c  anode  w i t h  a  h o l e  i n  i t  a r e  a r r a n g e d  i n  su ch  a  f a s h i o n  t h a t  t h e  
d i s c h a r g e  fo rmed  p r o t r u d e s  t h r o u g h  t h e  h o l e  i n  t h e  a n o d e .  By v a r i o u s  
m eans ,  s t a b i l i z i n g  s t r e a m s  o f  gas  a r e  i n t r o d u c e d  a r o u n d  t h e  d i s c h a r g e  
and  t h u s  t h e  d i s c h a r g e  i s  s t a b i l i z e d  and  s h a p e d .  The power s u p p l y  
f o r  t h e s e  u n i t s  a r e  u s u a l l y  c o m m e rc i a l  D .C .  w e l d i n g  u n i t s  o r  modi­
f i e d  w e l d i n g  u n i t s  and a r e  t h u s  low v o l t a g e ,  h i g h  c u r r e n t  d e v i c e s .
The main  d i s a d v a n t a g e s  o f  t h e s e  t o r c h e s  o r  j e t s  a r e  t h a t  t h e y  h a v e
Ke l e c t r o d e s  w h ich  may r e a c t  w i t h  o r  be e r o d e d  by t h e  d i s c h a r g e  and 
th e y  a r e  r e p o r t e d l y  u n s t a b l e .
The s e c o n d  ty p e  o f  p l a s m a ,  w h ich  i s  n o t  a lw a y s  u s e d  i n  t h e  fo rm  
o f  a  t o r c h ,  i s  t h e  microwave d i s c h a r g e .  T h i s  t y p e  o f  p la sm a  i s  p r o ­
duced  i n  a c e l l ,  u s u a l l y  o f  q u a r t z ,  p l a c e d  i n  a  microwave c a v i t y .
The e m i s s i o n  may be  c o n f i n e d  t o  th e  c a v i t y  o r  e x t e n d  beyond t h e  c a v i ­
t y  d e p e n d i n g  on  t h e  d e s i g n  o f  t h e  c a v i t y ,  t h e  gas  p r e s s u r e ,  t h e  n a ­
t u r e  o f  t h e  gas  and o t h e r  v a r i a b l e s .  T h i s  t y p e  o f  t o r c h  u s u a l l y  u s e s  
a  2^1+0 MHz d i a t h e r m y  u n i t  t o  s u p p l y  pow er .  T h i s  t y p e  o f  d i s c h a r g e  
h a s  been  i n v e s t i g a t e d  by McCormack ( 3 2 ) ,  McCormack,  Tong and Cooke
( 3 3 ) ,  and M av ro d in ea n u  and  Hughes  (31 )- McCormack i n v e s t i g a t e d  t h e  
band  s y s t e m s  and a t o m i c  l i n e s  p ro d u c e d  by o r g a n i c  compounds w i t h  t h i s  
t o r c h  w h i l e  M av ro d in ea n u  and  Hughes  i n v e s t i g a t e d  i t s  p o s s i b l e  u s e  a s  
a  s p e c t r o g r a p h i c  s o u r c e  f o r  e m i s s i o n  s p e c t r o s c o p y .  These  d e v i c e s ,  
w h i l e  v e r y  u s e f u l ,  o f t e n  become v e r y  com plex  when h i g h  s t a b i l i t y  i s  
r e q u i r e d .
The t h i r d  t y p e  o f  p la s m a  t o r c h  i s  t h e  r a d i o - f r e q u e n c y  c a p a c i ­
t i v e -  o r  d i e l e c t r i c - c o u p l e d  s y s t e m .  W h i le  d i e l e c t r i c  h e a t i n g  h a s  
b e e n  q u i t e  p o p u l a r  and  T e s l a  c o i l  e x c i t a t i o n  i s  o f t e n  u s e d  l i t t l e  
w ork  h a s  b e e n  p e r f o r m e d  on d e v e l o p m e n t  o f  a t m o s p h e r i c  p r e s s u r e  t o r c h ­
e s .  One p o s s i b l e  r e a s o n  f o r  t h i s  i s  t h e  g r e a t  n o i s e  l e v e l  o f  t h i s  
t y p e  o f  d i s c h a r g e  b o th  s p e c t r o p h o t o m e t r i c l y  and e l e c t r i c a l l y .
The f o u r t h  ty p e  o f  t o r c h  a v a i l a b l e  i s  t h e  r a d i o - f r e q u e n c y  i n ­
d u c t i o n - c o u p l e d  t o r c h  o f  w h ich  t h e r e  a r e  two b a s i c  t y p e s ,  t h o s e  u s i n g  
a  t o r c h  t i p  a s  was u s e d  by M a v ro d in e a n u  a n d  Hughes  (3 1 )  and W es t  and  
Hume (5 9 )  an<* t h o s e  u s i n g  a  t r u l y  e l e c t r o d e l e s s  t o r c h  s u c h  a s  
G r e e n f i e l d ,  J o n e s  and B e r r y  ( 2 0 ,  2 1 )  and  Wendt and  F a s s e l  ( 5 8 )- A
5t h i r d  and s i m p l e r  ty p e  o f  t o r c h  d e s i g n  a l s o  h a s  been  d e v e lo p e d  by 
Reed (5 0 ) .  A l l  o f  t h e s e  t o r c h e s  have  been  i n v e s t i g a t e d  a s  e m i s s i o n  
s p e c t r o s c o p i c  s o u r c e s .  T h i s  l a t t e r  t o r c h  i s  o f  a  s i n g l e  t u b e  d e s i g n  
and w h i l e  p r o b a b l y  more v e r s a t i l e  f o r  n o n - s p e c t r o s c o p i c  p u r p o s e s  t h a n  
t h e  more complex  t h r e e  c o n c e n t r i c  tu b e  t o r c h e s  o f  th e  p r e v i o u s l y  
m e n t io n e d  w o r k e r s ,  i t  i s  n o t  s u f f i c i e n t l y  s t a b l e  f o r  s p e c t r o s c o p i c  
u s e .
I n  o r d e r  t o  m a i n t a i n  t h e  p la sm a  i n  a d e v i c e  o f  t h e  e l e c t r o d e l e s s  
t y p e ,  some o f  t h e  i o n i z e d  gas mus t  be made t o  move b ack  down th e  tube  
i n  t h e  d i r e c t i o n  o p p o s i t e  t o  t h e  main f l o w .  I n  t h e  t o r c h  o f  G r e e n f i e l d ,  
J o n e s  and B e r r y  t h i s  was a c c o m p l i s h e d  by u s i n g  t a n g e n t i a l  gas  i n l e t s  
on b o th  t h e  c o o l a n t  and p la sm a  s t r e a m s .  T h i s  s w i r l i n g  f low  p ro d u c e s  
a v o r t e x  i n  t h e  gas  s t r e a m  t h a t  p ro d u c e s  s u f f i c i e n t  r e v e r s e  f low  ( c i r ­
c u l a t i o n )  t o  m a i n t a i n  t h e  p l a s m a .  Wendt and  F a s s e l ,  on t h e  o t h e r  
h a n d ,  i n t r o d u c e d  t h e  c o o l a n t  and p la sm a  i n  l a m i n a r  f low  and w en t  to  
g r e a t  p a i n s  i n  t h e i r  d e s i g n  to  a s s u r e  t h a t  t h e  f low  r e m a in s  l a m i n a r .  
These a u t h o r s  r e p o r t  t h a t  t h e r e  i s  no r e c i r c u l a t i o n  i n  t h i s  p la sm a  
t o r c h ,  however t h i s  seems u n l i k e l y .  I t  i s  more l i k e l y  t h a t  t h e  r e ­
c i r c u l a t i o n  i s  more s u b t l e  t h a n  i n  t h e  c a s e  o f  t h e  t u r b u l a n t  f low  
t o r c h  u s e d  by G r e e n f i e l d .
Both  t h e  t u r b u l e n t  and  l a m i n a r  f low  t o r c h e s  h ave  b een  i n v e s t i ­
g a t e d  e x t e n s i v e l y  a s  " f l a m e  p h o to m e te ry "  s o u r c e s  and b o th  g ro u p s  
have  r e p o r t e d  s i g n i f i c a n t  i n c r e a s e s  i n  s e n s i t i v i t y  compared  to  s t a n d ­
a r d  a i r - a c e t y l e n e  f l a m e s  f o r  a  w ide  v a r i e t y  o f  e l e m e n t s  w h ich  a r e  
d i f f i c u l t  t o  e x c i t e  i n  a  f l a m e .  They a l s o  r e p o r t e d  f r e e d o m  f rom such  
i n t e r f e r e n c e s  a s  p h o s p h a t e  and aluminum i n t e r f e r e n c e s  i n  c a l c i u m  d e ­
t e r m i n a t i o n s .  A n o th e r  i n h e r e n t  a d v a n t a g e  i n  t h i s  ty p e  o f  d i s c h a r g e
6over  a f lam e such  as  a i r - a c e t y l e n e  i s  the  f reedom  from i n t e r f e r e n c e s  
such  a s  C2  and CH b an d s .  A f u r t h e r  a d v a n t a g e  i s  the  p o s s i b i l i t y  o f  
u s i n g  a b a s i c l y  i n e r t  p la sma ( a r g o n ,  h e l i u m ,  e t c . )  o r  an  o x i d i z i n g  
o r  r e d u c i n g  a tm osphere  o r ,  i n  g e n e r a l ,  any r e a c t i n g  p la sm a g a s .
There  a r e  s e v e r a l  i n h e r e n t  d i s a d v a n t a g e s  i n  th e  t u r b u l e n t  f low  
t o r c h  d e s ig n e d  by G r e e n f i e l d  w hich  a r e  overcome by th e  t o r c h  r e p o r t e d  
by Wendt.  F i r s t  t h e  v o r t e x  f low would  have more t u r b u l a n c e  t h a n  a
l a m in a r  f lo w  and t h i s  t u r b u l e n c e  c o u l d  be e x p e c t e d  t o  d e c r e a s e  th e
s t a b i l i t y  o f  th e  d i s c h a r g e .  The v o r t e x  f lo w  would  p r o b a b l y  be d r a s ­
t i c a l l y  e f f e c t e d  by d i s t o r t i o n s  i n  th e  w a l l s  o f  t h e  t u b e s .  A ls o  the
v o r t e x  f low  would t e n d  to  throw t h e  h o t  p lasm a gas  a g a i n s t  th e  t u b e  
w a l l s  t h u s  p r e s e n t i n g  th e  p o s s i b i l i t y  o f  i n t e r f e r e n c e  and tu b e  d e ­
s t r u c t i o n .  Th is  l a t t e r  p rob lem i s  p o s s i b l y  t h e  r e a s o n  t h a t  G r e e n f i e l d  
u s e s  such  a  s h o r t  c o o l a n t  t u b e  w hich  a l l o w s  th e  c o r e  o f  th e  p la sm a  to  
be exposed  t o  the  a t m o s p h e r e ,  t h u s  r e d u c i n g  th e  s i z e  o f  t h e  r e g i o n  o f  
th e  p la sm a which  i s  u s a b l e  f o r  a n a l y t i c a l  p u r p o s e s .
B . EXPERIMENTAL
1 .  A p p a ra tu s
a .  Equipment
The a p p a r a t u s  u sed  c o n s i s t e d  o f  a  m o d i f i e d  J a r r e l l - A s h  
a to m ic  a b s o r p t i o n  s p e c t r o p h o t o m e t e r  (model 8 2 0 0 0 ) w i t h  a  0 . 5  m e te r  
E b e r t  mount s c a n n in g  monochrometer  c o n n e c t e d  to  a Beckman t e n  i n c h  
s t r i p  c h a r t  r e c o r d e r  (model 1005  )• The r a d i o - f r e q u e n c y  power s u p p ly  
was a L e p e l  Model T - 5 - 5 “MOJ-B w i t h  5 kVA nomina l  o u t p u t ,  o p e r a t e d  a t  
a  f r e q u e n c y  o f  8 MHz. The p la sm a t o r c h  was a  d u a l - t u b e ,  l a m i n a r  f low 
t o r c h  s i m i l a r  t o  one r e p o r t e d  by Wendt and F a s s e l  (58)* A d i a g ra m  o f  
th e  gas  head  o f  t h e  t o r c h  i s  shown i n  F i g u r e  1 .  The p la sma tube  was
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S c h e m a t i c  D iag ram  o f  P la s m a  T o rc h  Gas Head
8c l e a r  f u s e d  q u a r t z  ( G e n e r a l  E l e c t r i c  t y p e  208)  16 mm. i . d . ,  18  mm.
o . d . ,  and  125  i n  t o t a l  l e n g t h ,  t e r m i n a t i n g  5 mm. be low t h e  b o t ­
tom t u r n  o f  t h e  w o r k i n g  c o i l .  The c o o l a n t  t u b e  was o f  t h e  same ty p e
o f  q u a r t z  t u b i n g  a s  t h e  p la sm a  tu b e  b u t  was 20 mm. i . d . ,  2k mm. o . d .
and 160 t o  500 mm. l o n g .  The c e n t e r  tu b e  was s t a n d a r d  8 mm. b o r o s i -  
l i c a t e  g l a s s  t e r m i n a t i n g  5 n™* be low  th e  end  o f  t h e  p la sm a  t u b e .
The gas  h e a d  was f a b r i c a t e d  f rom  b r a s s  and had  d o u b le  0 - r i n g  s e a l s  
on t h e  c o c l a n t  and p la s m a  t u b e s  w i t h  a  f i n e  s c r e e n  (80 mesh) a t  t h e  
b a s e  o f  t h e  p la s m a  tu b e  t o  i n s u r e  l a m i n a r  f lo w  i n  t h e  p l a s m a  s t r e a m .
b .  O p t i c a l
The two o p t i c a l  s y s t e m s  u s e d  a r e  shown i n  F i g u r e  2 .
The f i r s t  s y s t e m ,  i n  w h ich  t h e  t o r c h  d i s c h a r g e s  u p w a r d l y ,  was u sed
f o r  g e n e r a l  s u r v e y  w ork  w he re  t h e  t o t a l  e m i s s i o n  was o f  i n t e r e s t  o r  
w h e re  a  l a r g e  p o r t i o n  o f  t h e  p la s m a  was t o  be i n v e s t i g a t e d .  The 
s e c o n d  s y s t e m ,  w i t h  t h e  t o r c h  d i s c h a r g i n g  dow nw ard ly ,  was  u s e d  when 
l i m i t e d  p o r t i o n s  o f  t h e  p la s m a  w e re  t o  be i n v e s t i g a t e d  and  when a  
p la s m a  p r o f i l e  was t o  be d e t e r m i n e d .
c .  Gas M a n i f o l d
A gas  m a n i f o l d  was c o n s t r u c t e d  t o  s e r v i c e  t h e  p la sm a  
t o r c h .  The s y s t e m  was  q u i t e  f l e x i b l e  and i n  g e n e r a l  a l l o w e d  c o n t r o l  
o f  t h e  f lo w  r a t e s  o f  t h e  g a s e s  t o  a l l  t h r e e  t u b e s  and a l s o  c o n t r o l  o f  
t h e  c o m p o s i t i o n  o f  t h e  gas  i n t r o d u c e d  i n t o  t h e  c e n t e r  o r  c o o l a n t  
t u b e s .  The m a n i f o l d  a l l o w e d  p a n e l  c o n t r o l  o f  b i n a r y  m i x t u r e s  o f  a r ­
gon and  a i r ,  a r g o n  and  oxy g en ,  a r g o n  and n i t r o g e n ,  o r  a r g o n  and h e ­
l i u m .  Through  u s e  o f  a u x i l i a r y  i n p u t s ,  c o r r o s i v e  g a s e s  o r  h i g h  p r e s ­
s u r e  g a s e s  c o u l d  a l s o  be c o n t r o l l e d .  The g a s  c o n t r o l  m a n i f o l d  a l s o  
c o n t a i n e d  a  s i l i c a - g e l  d r y i n g  t o w e r ,  an  a s t e r i t e  to w er  and  a n  a r g o n
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p r e - h e a t e r .  The a rg o n  p r e - h e a t e r ,  i n  a d d i t i o n  to  h e a t i n g  th e  g a s ,  
s e r v e d  to  remove oxygen.  The p r e - h e a t e r  was a t h r e e  f o o t  s e c t i o n  
o f  g  co p p e r  t u b i n g  wrapped w i t h  a 800 w a t t  h e a t e r .
d .  V a p o r i z a t i o n  Chamber
The v a p o r i z a t i o n  chamber was a 5 cm« g l a s s  c y l i n d e r ,
25 cm. l o n g ,  f u l l y  c l o s e d  a t  one end and c o n t a i n i n g  a  § s o c k e t  and  a  
h o s e  c o n n e c t i o n .  There  were  two o t h e r  8 mm. hose  c o n n e c t i o n s  on one 
s i d e  o f  the  chamber a t  o p p o s i t e  e n d s .  The a s p i r a t o r  p o r t i o n  o f  a  
t o t a l  consum pt ion  b u r n e r  was f i t t e d  w i t h  an 0 - r i n g  s e a l  b a l l  and 
f i t t e d  i n t o  t h e  lower  end o f  t h e  cham ber .  The hose  c o n n e c t i o n  n e x t  
to  t h e  b u r n e r  was p r o v id e d  f o r  d r a i n a g e .  The lower  s i d e s  tern was 
p r o v i d e d  f o r  d i l u e n t  gas  and t h e  up p e r  s i d e s t e m  was a t t a c h e d  t o  t h e  
t o r c h  head w i t h  t u b i n g  o r  a  5 /1 6 "  c o m p re s s io n  f i t t i n g .
2 .  P r o c e d u r e
a .  P lasm a I n i t i a t i o n
In  o r d e r  t o  i n i t i a t e  t h e  p la sma i t  was n e c e s s a r y  t o  
o p e r a t e  the  p la sma w i t h  a r g o n  i n  a l l  t h r e e  s t r e a m s  and e i t h e r  i n ­
t r o d u c e  an ungrounded c a r b o n  r o d  i n t o  t h e  c o i l  u n t i l  t h e  p la sm a  b e ­
came s e l f - s u s t a i n i n g  o r  t o  c a u s e  i n i t i a l  i o n i z a t i o n  o f  t h e  a r g o n  by 
means o f  an  e x t e r n a l  s p a r k  c o i l  which  was removed a f t e r  i n i t i a t i o n .  
I n i t i a t i o n  o f  the  p la sm a d i s c h a r g e  u s u a l l y  r e q u i r e d  r e d u c i n g  th e  
c o o l a n t  s t r e a m  flow r a t e  t o  a p p r o x i m a t e l y  6 l . / m i n .  and u s i n g  a  min­
imum power l e v e l  o f  a p p r o x i m a t e l y  2 kVA. I n i t i a t i o n  was u s u a l l y  ob ­
t a i n e d  by u s i n g  a s p a r k  c o i l  a s  a  m a t t e r  o f  c o n v e n i e n c e .
b .  Sample I n t r o d u c t i o n
Four  methods o f  sample i n t r o d u c t i o n  w ere  u s e d ,  t h r e e  
f o r  l i q u i d s  and one f o r  g a s e s .  The gas  samples  were  s im p l y  i n t r o d u c e d
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t h r o u g h  a  m e t e r i n g  v a l v e  and  r o t o m e t e r  i n t o  t h e  a p p r o p r i a t e  c a r r i e r  
g a s  s t r e a m .
L i q u i d  s a m p l e s ,  on t h e  o t h e r  h a n d ,  w e re  much more 
d i f f i c u l t  t o  i n t r o d u c e .  The method  u s e d  d e p e n d e d  on t h e  sam ple  s i z e  
and  t h e  d a t a  r e q u i r e d  f ro m  t h e  e x p e r i m e n t .  The f i r s t  a n d  s i m p l e s t  
s y s t e m  f o r  s am p le  i n t r o d u c t i o n  was t o  p a s s  a l l  o r  p a r t  o f  t h e  c a r ­
r i e r  g a s  o v e r ,  o r  b u b b l e  i t  t h r o u g h  t h e  l i q u i d  i n  a  g a s  w a s h i n g  
b o t t l e .  T h i s  s y s t e m  was  u s e d  f o r  q u a l i t a t i v e  w ork  w i t h  v o l a t i l e  l i q ­
u i d s .  The s e c o n d  and t h i r d  m e thods  b o t h  r e q u i r e d  u s e  o f  h y p o d e rm ic  
s y r i n g e s  a n d  a  m u l t i p l e  s p e e d  m o t o r i z e d  s y r i n g e  d r i v e .  I n  t h e  s e c ­
ond method  t h e  s y r i n g e  was  f i t t e d  w i t h  a  26  g auge  n e e d l e  and i n t r o ­
d u c e d  t h r o u g h  a  s i l i c o n e  r u b b e r  s e p tu m  i n t o  a  p r e - h e a t e d  s t r e a m  o f  
c a r r i e r  g a s  i n  a  h e a t e d  b l o c k  s i m i l a r  t o  t h e  s y s t e m  u s e d  w i t h  a  g a s  
c h r o m a t o g r a p h .  I n  t h e  t h i r d  method t h e  s y r i n g e  was a t t a c h e d  t o  t h e  
a s p i r a t o r  s e c t i o n  o f  a  f i n e  c a p i l l a r y ,  t o t a l  c o n s u m p t i o n  b u r n e r  w h ic h  
was  moun ted  o n  t h e  end  o f  a  250  m l .  g l a s s  c y l i n d e r  w ra p p e d  w i t h  h e a t ­
i n g  t a p e  w h e r e  t h e  sa m p le  v a p o r i z e d  a n d  was  mixed  w i t h  a d d i t i o n a l  
c a r r i e r  g a s .
T h e r e  w e r e  t h r e e  p l a c e s  i n  t h e  p l a s m a  w h e re  i t  was 
p o s s i b l e  t o  i n t r o d u c e  s a m p l e s .  The s a m p l e s  c o u l d  be i n t r o d u c e d  i n t o  
the  c e n t e r  s t r e a m  i n  w h ic h  c a s e  a  p o r t i o n  o f  t h e  sam ple  w ou ld  be i n ­
t r o d u c e d  d i r e c t l y  i n t o  t h e  c o r e  o f  t h e  d i s c h a r g e .  The sam p le  c o u l d  
a l s o  be  i n t r o d u c e d  i n t o  t h e  c o o l a n t  s t r e a m  i n  w h ich  c a s e  t h e  s am p le  
w o u l d ,  f o r  t h e  m o s t  p a r t ,  be e x p e c t e d  t o  p a s s  by t h e  c o r e  and o n l y  
l i m i t e d  m i x i n g  w o u ld  be e x p e c t e d .  A l t e r n a t i v e l y ,  t h e  s t r a i g h t  c o o l ­
a n t  t u b e  c o u l d  be  r e p l a c e d  by a  c o o l a n t  t u b e  w i t h  a  s i d e  arm and  t h e  
sa m p le  c o u l d  be  i n j e c t e d  d i r e c t l y  i n t o  t h e  t a i l  f l a m e  w i t h  o r  w i t h o u t
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c a r r i e r  g a s .  T h i s  l a t t e r  method  was  a l s o  u s e d ,  on  o c c a s i o n ,  t o  i n ­
j e c t  t h e  s a m p le  i n t o  t h e  s e c o n d a r y  r e g i o n .
The amount o f  s am p le  w h ic h  c o u l d  be accommodated  was 
v e r y  d e p e n d e n t  on w h e re  t h e  s a m p le  was  i n t r o d u c e d .  F o r  e x a m p l e ,  
when a i r  was  t h e  s am p le  o n l y  2 m g . / s e c .  c o u l d  be i n t r o d u c e d  i n t o  t h e  
c e n t e r  s t r e a m  r e p r e s e n t i n g  a  c o m p o s i t i o n  o f  ~  20^  a i r  and  80<jf0 a r g o n  
i n  t h e  c e n t e r  s t r e a m .  H ow e ve r ,  p u r e  n i t r o g e n  (22  l . / m i n . )  c o u l d  be 
i n t r o d u c e d  i n t o  t h e  c o o l a n t  s t r e a m  o r  t h r o u g h  t h e  s i d e  arm i n t o  t h e  
t a i l  f l a m e .  I n  t h e  c a s e  o f  o r g a n i c  l i q u i d s  a p p r o x i m a t e l y  10  t i m e s  a s  
much s am p le  c o u l d  be h a n d l e d  i n  t h e  c o o l a n t  s t r e a m  a s  i n  t h e  c e n t e r  
s t r e a m  w i t h o u t  e x t i n g u i s h i n g  t h e  p l a s m a .  The amount  o f  s am p le  i n t r o -  
d u c i b l e  i n t o  t h e  c o o l a n t  s t r e a m  and  t a i l  f l a m e  was l i m i t e d  o n l y  by 
t h e  b u i l d  up o f  c a r b o n a c e o u s  m a t e r i a l  on t h e  c o o l a n t  t u b e  o r  c o n d e n ­
s a t i o n  o f  l i q u i d  s a m p le  i n  t h e  t o r c h  h e a d .  T h i s  l a t t e r  p r o b l e m  was 
m i n im i z e d  by o p e r a t i n g  i n  t h e  d i s c h a r g e - d o w n w a r d  p o s i t i o n .
3 .  C h e m i c a l s
The c h e m i c a l s  u s e d  i n  t h e  s t u d y  w e r e  r e a g e n t  g r a d e  o r  t h e  
o n l y  g r a d e  a v a i l a b l e  a s  i n  t h e  c a s e  o f  t h e  p h o s p h o r u s  c o n t a i n i n g  com­
p o u n d s .  T r i m e t h y l  a n d  t r i e t h y l  p h o s p h a t e  w e r e  p u r i f i e d  by d i s t i l l a ­
t i o n  b e f o r e  u s e .  A l l  o t h e r  compounds w e re  u s e d  w i t h o u t  f u r t h e r  p u r ­
i f i c a t i o n .  The c o m p r e s s e d  g a s e s  u s e d  a r e  l i s t e d  i n  T a b l e  I .  E x c e p t  
a s  n o t e d  i n  t h e  t e x t  t h e s e  g a s e s  w e re  u s e d  w i t h o u t  f u r t h e r  p u r i f i c a ­
t i o n .  A l l  g a s  s a m p l e s  u s e d  e x c e p t  n i t r o g e n  d i o x i d e  w e r e  c h e c k e d  f o r  
i m p u r i t i e s  by mass s p e c t r o s c o p y .
C.  ELECTRONIC SPECTRA EMITTED FROM RF PLASMA
1 .  Mode o f  P lasm a  O p e r a t i o n
E x p e r i m e n t l y  two d i s t i n c t  s e t s  o f  f l o w  c o n d i t i o n s  w ere
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TABLE I
GAS REAGENTS
Compound M a n u f a c t u r e r ' s  Minimum
Grade  P u r i t y
H )
A i r Dry & B r e a t h i n g
Ammonia Anhydrous 9 9 . 9 9
A rgon High  P u r i t y 9 9 .9 9 5
C a rb o n  d i o x i d e Bone Dry 9 9 . 8
C a rb o n  monoxide C .P . 9 9 . 5
C h l o r i n e High  P u r i t y 9 9 . 5
E t h a n e C .P . 9 9 . 0
E t h y l e n e R e s e a r c h 9 9 . 9
H el iu m High  P u r i t y 9 9 .9 9 5
H ydrogen  b rom ide C .P . 9 9 . 8
H ydrogen  c h l o r i d e 9 9 . 0
Me t h a n e U l t r a  H igh  P u r i t y 9 9 . 9 7
N i t r i c  o x i d e C .P . 9 9 . 8
N i t r o g e n Dry 9 9 . 6
N i t r o g e n  d i o x i d e 9 9 . 5
N i t r o u s  o x id e A tomic  A b s o r p t i o n 9 8 . 0
Oxygen Dry 9 9 . 6
P r o p a n e C .P . 9 9 . 0
S u l f u r  d i o x i d e Anhydrous 9 9 . 9 8
I k
found  u n d e r  w h ich  a  p la sm a  was s u s t a i n a b l e .  These  modes c a n  be d i s ­
t i n g u i s h e d  f rom  e a c h  o t h e r  on t h e  b a s i s  o f  w h e t h e r  t h e  c o o l a n t  o r  
p la sm a  s t r e a m  f lo w s  f a s t e r .  U s in g  a r g o n  i n  a l l  t h r e e  s t r e a m s  th e  
f low  r a t e s  shown i n  T a b l e  I I  a r e  r e p r e s e n t a t i v e .  A l a r g e  r a n g e  o f  
f l o w  r a t e s  was found  b e tw ee n  t h e s e  two e x t r e m e s  i n  w h ich  i t  was n o t  
p o s s i b l e  t o  m a i n t a i n  a p la sm a  d i s c h a r g e .  E x p e r i m e n t s  p e r fo rm e d  on 
th e  t o r c h  w i t h  smoke added  t o  t h e  g a s  s t r e a m s  one a t  a  t i m e ,  w i t h  no 
d i s c h a r g e ,  i n d i c a t e d  t h a t  i n  b o t h  c a s e s  t h e  c o o l a n t  and p la sm a  s t r e a m s  
w ere  l a m i n a r  i n  f low  u n t i l  w e l l  above  t h e  normal r e g i o n  o f  t h e  s e c o n ­
d a r y  r e g i o n .  The c e n t e r  s t r e a m s  i n  b o t h  c a s e s  w ere  v e r y  t u r b u l e n t .
S t u d i e s  i n d i c a t e d  t h a t  i n  t h e  c a s e  o f  h i g h  c o o l a n t  f lo w  
r a t e s  t h e  c o o l a n t  s t r e a m  f lo w e d  w i t h  g r e a t e r  v e l o c i t y  t h a n  th e  p la sm a  
s t r e a m  and c a u s e d  c i r c u l a t i o n  o f  t h e  p la sm a  s t r e a m .  The c i r c u l a t i o n  
i n s i d e  t h e  p la sm a  s t r e a m  was downward and  tow ard  t h e  o u t s i d e  t h u s  
t e n d i n g  t o  c r e a t e  a  h o l l o w  a r e a  i n  t h e  c e n t e r  o f  t h e  p la sm a  s t r e a m .
The c e n t e r  s t r e a m  was i n t r o d u c e d  i n t o  t h i s  a r e a .  The c e n t e r  s t r e a m  
had  l i t t l e  e f f e c t  on t h e  p la s m a  i n  t h i s  c a s e .  I n  t h e  o t h e r  c a s e  
w he re  t h e  p la sm a  f lo w ed  f a s t e r  t h a n  t h e  c o o l a n t  s t r e a m  most  o f  t h e  
c i r c u l a t i o n  a p p e a r e d  t o  be due t o  t h e  c e n t e r  s t r e a m .  I n  t h i s  c a s e  
t h e  c i r c u l a t i o n  was f rom  t h e  o u t s i d e  tow ard  th e  i n s i d e  and t h e  c e n ­
t e r  s t r e a m  f lo w  r a t e  c o n t r o l l e d  t h e  l e n g t h  and d i a m e t e r  o f  t h e  d i s ­
c h a r g e  c o r e .  F u r t h e r  e x p e r i m e n t s  w i t h  t h e  t o r c h  o p e r a t i n g  w i t h  a 
p la sm a  d i s c h a r g e  i n d i c a t e d  t h a t  i n  t h e  c a s e  w here  t h e  c o o l a n t  s t r e a m  
n o r m a l l y  f low ed  w i t h  a v e l o c i t y  g r e a t e r  t h a n  th e  p la sm a  s t r e a m ,  t h e  
c e n t e r  s t r e a m  had  l i t t l e  e f f e c t  e x c e p t  t o  c o n t r o l  t h e  p o s i t i o n  o f  th e  
d i s c h a r g e  c o r e  a n d ,  t o  a  l e s s e r  e x t e n t ,  t o  c o n t r o l  t h e  s i z e  o f  t h e  
c o r e  and s e c o n d a r y  r e g i o n .  I n  f a c t  a t  low power l e v e l s ,  c a .  1 kVA,
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TABLE I I
FLOW RATES FOR TWO MODES OF OPERATION OF RF PLASMA
H ig h  f l o w  mode 
S t r e a m F low  r a t e  
( l / m i n . )
Low f l o w  mode 
S t r e a m Flow  r a t e  
( l / m i n . )
C o o l a n t
P l a s m a
C e n t e r
1 5 . 0  -  1 8 .0  
O A  -  0 . 5  
0 . 4  -  0 . 8
C o o l a n t
P l a s m a
C e n t e r
5 . 0  -  8 . 0
4 . 4  - 4 . 8
0 . 4  - 0 . 8
T o t a l 1 5 . 8  -  1 9 . 3 T o t a l 9 . 8  -  1 3 . 6
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t h e  t o r c h  c o u l d  be  o p e r a t e d  w i t h  no c e n t e r  f l o w .  H ow e ve r ,  a t  h i g h e r  
power  l e v e l s  o r  upon  i n t r o d u c t i o n  o f  m o s t  s a m p l e s  i n t o  t h e  c o o l a n t  
s t r e a m  i t  was  n e c e s s a r y  t o  h a v e  a  c e n t e r  s t r e a m  f lo w  t o  p r e v e n t  t h e  
r e t r a c t i n g  c o r e  f rom  d r o p p i n g  down i n t o  t h e  p l a s m a  t u b e  and  d e s t r o y ­
i n g  t h e  c e n t e r  t u b e .  R a p i d ,  d r a s t i c  r e d u c t i o n  o f  t h e  c o o l a n t  f low  
r a t e  o r  a  d r a s t i c  i n c r e a s e  i n  t h e  p l a s m a  f lo w  r a t e  c a u s e d  t h e  p la s m a  
t o  e x t i n g u i s h .  I n  t h e  c a s e  o f  o p e r a t i o n  w i t h  t h e  p l a s m a  s t r e a m  h a v ­
i n g  a  f l o w  r a t e  g r e a t e r  t h a n  t h e  c o o l a n t  s t r e a m  t h e  c o o l a n t  s t r e a m  
h a d  l i t t l e  e f f e c t  on  t h e  a c t u a l  o p e r a t i o n  o f  t h e  t o r c h  o t h e r  t h a n  
p r o t e c t i n g  t h e  c o o l a n t  t u b e  f ro m  t h e  h i g h  t e m p e r a t u r e  c o r e .  I n  f a c t  
t h e  t o r c h  c o u l d  be o p e r a t e d  f o r  s h o r t  p e r i o d s  o f  t i m e ,  c a . 3  m i n u t e s ,  
w i t h o u t  t h e  c o o l a n t  s t r e a m  f l o w i n g .  The f lo w  r a t e s  o f  t h e  p la s m a  
and  c e n t e r  s t r e a m s  c o u l d  be v a r i e d  o v e r  a  l a r g e  r a n g e  w i t h o u t  e x t i n ­
g u i s h i n g  t h e  p l a s m a  p r o v i d i n g  t h e y  w e r e  b o t h  v a r i e d  i n  t h e  same 
d i r e c t i o n .
S e v e r a l  e x p e r i m e n t s  w e re  p e r f o r m e d  t o  d e t e r m i n e  i f  i t  was 
p o s s i b l e  t o  s l o w l y  c h a n g e  f ro m  one r e g i o n  t o  t h e  o t h e r  by c h a n g i n g  
t h e  v e l o c i t i e s  o f  t h e  c o o l a n t  s t r e a m  and  p l a s m a  s t r e a m  w h i l e  m a in ­
t a i n i n g  a  p l a s m a  d i s c h a r g e .  T h es e  e x p e r i m e n t s  i n d i c a t e d  t h a t  t h e r e  
was a  l a r g e  a r e a  w h e re  t h e  d i f f e r e n c e s  i n  v e l o c i t i e s  w e re  n o t  s u f ­
f i c i e n t  t o  c a u s e  c i r c u l a t i o n .  I t  s h o u l d  be n o t e d  t h a t  i t  a p p e a r e d  
f ro m  v i s u a l  o b s e r v a t i o n s  t h a t  i n  o r d e r  t o  do t h i s  i t  w ou ld  be n e c ­
e s s a r y  t o  r e v e r s e  t h e  d i r e c t i o n  o f  c i r c u l a t i o n  i n  t h e  c o r e  w h i l e  
m a i n t a i n i n g  a  d i s c h a r g e  w h ic h  d i d  n o t  seem t o  be a  r e a s o n a b l e  p r o ­
c e d u r e ,  h o w e v e r ,  t h i s  was  p e r f o r m e d  when t h e  r e v e r s a l  t o o k  p l a c e  
r a p i d l y  enough  t o  p r e v e n t  t h e  p l a s m a  f ro m  d i s s i p a t i n g .
R e s t r i c t i o n s  w e re  p l a c e d  i n  t h e  t o r c h  h e a d  i n  o r d e r  t o
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c a u s e  t h e  g a s e s  t o . b e  i n t r o d u c e d  t a n g e n t i a l l y . U s i n g  smoke a s  i n  
p r e v i o u s l y  d e s c r i b e d  e x p e r i m e n t s ,  i t  was  c o n f i r m e d  t h a t  t h e  f lo w  
p a t t e r n  o f  t h e  c o o l a n t  s t r e a m  was  i n  a  c o u n t e r c l o c k w i s e  d i r e c t i o n  
a s  t h e  g a s  r o s e  i n  t h e  t u b e .  I n t r o d u c i n g  smoke i n t o  t h e  p l a s m a  
s t r e a m  w i t h  o r  w i t h o u t  t h e  s c r e e n  p r e s e n t  g a v e  v e r y  l i t t l e  i n d i c a ­
t i o n  o f  c i r c u l a t i o n  when o p e r a t i n g  w i t h  t h e  c o o l a n t  s t r e a m  h a v i n g  
a  g r e a t e r  v e l o c i t y  t h a n  t h e  p l a s m a  s t r e a m .  W i th  t h e  p l a s m a  s t r e a m  
h a v i n g  t h e  g r e a t e r  v e l o c i t y  t h e r e  was d e f i n i t e  i n d i c a t i o n  o f  t a n g e n ­
t i a l  f l o w ,  h o w e v e r ,  t h i s  d i s a p p e a r e d  a t  t h e  end  o f  t h e  p l a s m a  t u b e  
and  w h i l e  t h e r e  was  l o s s  o f  some o f  t h e  smoke m o s t  o f  t h e  smoke 
c o n t i n u e d  u p w a r d l y  w i t h  a  v e r y  s l i g h t  s w i r l i n g  m o t i o n .  When o p e r ­
a t i n g  t h e  t o r c h  i n  t h i s  l a t t e r  mode v e r y  l i t t l e  d i f f e r e n c e  c o u l d  be 
n o t e d  i n  t h e  a p p e a r a n c e  o f  t h e  p l a s m a  o r  i t s  r e s p o n s e  t o  c h a n g i n g  
f lo w  r a t e s  b e t w e e n  t h i s  e x p e r i m e n t  and  t h e  l a m i n a r  f lo w  e x p e r i m e n t s .  
C o m p a r i s o n  o f  s p e c t r a  i n d i c a t e d  t h a t  t h e  s i g n a l  l e v e l s  w e r e  t h e  same 
w i t h i n  e x p e r i m e n t a l  e r r o r ,  h o w e v e r ,  t h e  n o i s e  l e v e l  was a p p r o x i m a t e ­
l y  2 .5  t i m e s  g r e a t e r .
The d e s c r i p t i o n  o f  t h e  p l a s m a  d i s c h a r g e  r e p o r t e d  by Wendt 
a n d  F a s s e l  ( 5 8 ) f o r  t h e i r  l a m i n a r  f l o w  t o r c h  i n d i c a t e d  t h a t  t h e i r  
r e s u l t s  w e re  q u i t e  s i m i l a r  t o  t h o s e  o b t a i n e d  w i t h  t h i s  t o r c h  o p e r ­
a t i n g  i n  t h e  h i g h  f l o w  mode.  A s i m i l a r  c o m p a r i s o n  was a l s o  made t o  
t h e  t o r c h  r e p o r t e d  by  G r e e n f i e l d ,  B e r r y  and  Bunch ( 2 0 ) .  The d i s ­
c h a r g e  o b t a i n e d  w i t h  t h i s  t o r c h  o p e r a t i n g  i n  t h e  low f lo w  mode a p ­
p e a r e d  t o  be q u i t e  s i m i l a r  t o  t h a t  w h ic h  t h e y  r e p o r t e d  e v e n  i n  t h e  
c a s e  when t h e  c o o l a n t  and  p l a s m a  g a s e s  w e re  n o t  i n t r o d u c e d  t a n g e n ­
t i a l l y .  T h e s e  a u t h o r s  m a i n t a i n ,  h o w e v e r ,  t h a t  i n  t h e i r  t o r c h  t h e  r e ­
c i r c u l a t i o n  was  a c c o m p l i s h e d  by f o r m i n g  a  v o r t e x  i n  t h e  g a s  s t r e a m
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by v i r t u e  o f  t a n g e n t i a l  i n t r o d u c t i o n  o f  t h e  gas  and  t h a t  t h i s  a r ­
r a n g e m e n t  p ro d u c e d  s u f f i c i e n t  r e v e r s e  f l o w  t o  m a i n t a i n  t h e  p l a s m a .
2 .  B a s i c  A rgon  P la sm a
The i n d u c t i o n - c o u p l e d  p l a s m a  t o r c h  h a d  t h e  g e n e r a l  a p p e a r ­
a n ce  o f  a  b r i g h t  f l a m e  w i t h  t h r e e  d i s t i n c t l y  d i f f e r e n t  r e g i o n s  o r  
z o n e s .  The b r i g h t e s t  r e g i o n ,  t h e  c o r e ,  o r i g i n a t e d  w i t h i n  t h e  w o rk ­
i n g  c o i l  and  e x t e n d e d  beyond  t h e  c o i l .  T h i s  r e g i o n  was a p p r o x i m a t e l y  
15  mm. i n  d i a m e t e r  a t  i t s  b a s e  and  e x t e n d e d  a p p r o x i m a t e l y  ^0 mm. to  
i t s  t i p .  The c o r e  was  b r i l l i a n t ,  b l u e - w h i t e  and  n o n - t r a n s p a r e n t .
The s e c o n d a r y  o r  t r a n s i t i o n  r e g i o n  w h ich  a p p e a r e d  above  t h e  c o r e  
h a d  t h e  same g e n e r a l  s h a p e  a s  t h e  c o r e  b u t  e x t e n d e d  a p p r o x i m a t e l y  
75 mm. f rom  t h e  b a s e  o f  t h e  d i s c h a r g e  a n d ,  w h i l e  s t i l l  b r i g h t ,  was 
s i g n i f i c a n t l y  w e a k e r  t h a n  t h e  c o r e .  The s e c o n d a r y  r e g i o n  was s e m i ­
t r a n s p a r e n t  and  a p p e a r e d  w h i t e  r a t h e r  t h a n  b l u e - w h i t e .  The r e m a i n ­
d e r  o f  t h e  c o o l a n t  t u b e  was f i l l e d  w i t h  a  f a i n t  b l u e  t r a n s p a r e n t  
d i s c h a r g e .  T h i s  p o r t i o n  o f  t h e  d i s c h a r g e  was r e f e r r e d  t o  a s  t h e  
t a i l  f l a m e .  The r e g i o n  beyond  t h e  end  o f  t h e  c o o l a n t  t u b e  was r e ­
f e r r e d  t o  a s  t h e  a f t e r  f l a m e .  I n  t h i s  c a s e ,  h o w e v e r ,  t h e r e  was  no 
s i g n i f i c a n t  a f t e r  f l a m e  and t h e  name i s  i n t r o d u c e d  o n l y  f o r  t h e  s a k e  
o f  c o m p l e t e n e s s .  O p e r a t i n g  i n  t h e  low f lo w  mode t h e r e  was l e s s  d i s ­
t i n c t i o n  b e tw e e n  t h e  c o r e  and  s e c o n d a r y  r e g i o n .  Both  zo n es  w e re  
somewhat t h i n n e r  and  l o n g e r  and t h e  b o u n d a r y  b e t w e e n  th e  two was 
u n c l e a r .
The t o r c h  and v a r i o u s  v i s i b l e  r e g i o n s  a r e  shown i n  F i g u r e  
5 .  S p e c t r o s c o p i c  s t u d i e s  o f  t h e  p la s m a  i n d i c a t e d  t h a t  t h e  s t r o n g e s t  
e m i s s i o n  s i g n a l  f r o m  a l l  r e g i o n s  o f  t h e  p la sm a  was t h e  *4-201 X a t o m i c  
a r g o n  l i n e .  The r e l a t i v e  i n t e n s i t i e s  f o r  t h i s  l i n e  f rom t h e  c o r e ,
A f t e r  F lame '  
T a i l  F lam e '
C o o l a n t  Tube 
24mm. O.D. 
Q u a r tz
S e c o n d a ry  
R e g i o n '
Core-
Rf C o i l  
4 Turn  
1" I.X).
Plasma Tube 
-18mm. O.D. 
Q u a r tz
C e n t e r  Tube 
‘8mm1.1 O.D.
G la s s
Gas Head
-«■ C o o l a n t  S t r eam
e 3
Plasma S t ream
C e n t e r  S t ream
F i g u r e  3
S c h e m a t i c  D iag ram  o f  P lasm a  T orch  and 
O p t i c a l  R eg ions  i n  t h e  P lasm a  D i s c h a r g e
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s e c o n d a r y  r e g i o n  and t a i l  f lame were  found t o  be 2 3 ,0 0 0  : 1 1 ,0 0 0  : 7 * 
The s p e c t r u m  o b t a i n e d  f rom th e  t a i l  f l a m e - s e c o n d a r y  r e g i o n  i s  shown 
i n  F i g u r e  U and th e  ma jor  peaks  a r e  l i s t e d  i n  T ab le  I I I .
The i n t e n s i t i e s  o f  v a r i o u s  l i n e s  and bands  and th e  c o n ­
t inuum  i n  t h e  t h r e e  r e g i o n s  a r e  g i v e n  i n  T ab le  IV and F i g u r e  5 g i v e s  
t h e  p la sm a  p r o f i l e  f o r  some o f  t h e  more i m p o r t a n t  l i n e s  and b a n d s .
The s p e c t r a  o b t a i n e d  f rom th e  a rgon  p la sm a  i n  t h e  c o r e  and s e c o n d a ry  
r e g i o n  i n c l u d e d  an i n t e n s e  con t inuum  e x t e n d i n g  f rom below 3000 iS to  
a p p r o x i m a t e l y  5OO0R.  The i n t e n s i t y  o f  t h i s  c o n t inuum ,  r e l a t i v e  to  
t h e  s t r o n g e s t  e m i s s i o n  l i n e ,  v a r i e d  d e p e n d in g  on th e  c o n d i t i o n  o f  
t h e  c o o l a n t  t u b e ,  t h e  r f  c o u p l i n g  and power ,  and th e  amount o f  w a t e r  
v a p o r  and o t h e r  i m p u r i t i e s  p r e s e n t  i n  t h e  a r g o n  s u p p o r t .  The con ­
t inuum  w as ,  how ever ,  a lways  p r o m i n e n t  i n  t h e  s p e c t r u m  r e c o r d e d  from 
th e  c o r e  o r  s e c o n d a r y  r e g i o n .  A w e l l  d e v e l o p e d  s p e c t ru m  o f  a to m ic  
a r g o n  was e m i t t e d  f rom th e  c o r e  and s e c o n d a r y  r e g i o n ,  how ever ,  o n ly  
one l i n e  i n d i c a t i v e  o f  A r i l  (A806S)  was found i n  t h e  c o r e  r e g i o n  and 
t h i s  l i n e  was weak .  The t a i l  f lame r e g i o n  showed t h e  s t r o n g e r  a to m ic  
a r g o n  l i n e s  a t  r e d u c e d  i n t e n s i t i e s  ( 2 2 ) .  Due t o  t h e s e  e m i s s i o n s ,  
w h ich  have  e x c i t a t i o n  p o t e n t i a l s  up to  15  e v .  ( 7 ) ,  t h e r e  p r o b a b l y  
e x i s t e d  a l a r g e  c o n c e n t r a t i o n  of m e t a s t a b l e  a rg o n  atoms i n  t h e  t a i l  
f l a m e .  The a f t e r  f l a m e ,  o r  t h e  r e g i o n  beyond t h e  end  o f  t h e  c o o l a n t  
t u b e ,  gave s p e c t r a  c o n t a i n i n g  even  w e a k e r  a to m ic  a rg o n  l i n e s  and t h e  
306kK OH band s y s t e m .  The i n t e n s i t i e s  f e l l  o f f  v e r y  q u i c k l y  w i t h  i n ­
c r e a s i n g  d i s t a n c e s  f rom the  end o f  t h e  c o o l a n t  t u b e .  The OH band 
s y s t e m  was t h e  l a s t  e m i s s i o n  t o  d i s a p p e a r .
The p la sm a was found t o  be s e l f  s u s t a i n i n g  a t  power l e v e l s  
above 0 . 7 0  kVA. The power l e v e l  had a s t r o n g  e f f e c t  on th e  o v e r a l l
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TABLE I I I
MAJOR PEAKS* FOUND IN THE SPECTRUM OF DRY ARGON
W a v e le n g t h  
( E x p . )
( * )
W a v e le n g t h  
( L i t . ) ( 2 2 )
(« )
I n t e n ­
s i t y
(A v e r ­
a g e )
W a v e le n g t h  
( E x p . )
(i)
W a v e le n g t h
( L i t . )
(X)
I n t e n ­
s i t y
(A v e r ­
a g e )
3319 3 3 1 9 . 3 6 4259 4 2 5 9 . 4 78
3393 3 3 9 3 . 8 6 4266 4 2 6 6 . 3 53
3554 3 5 5 4 . 3 32 4272 4 2 7 2 .2 73
3564 3 5 6 4 . 3 ' . 8 4300 4 3 0 0 .1 64
3568 3 5 6 7 . 7 16 4334 4 3 3 3 .6 70
3606 3 6 0 6 .5 14 4345 4 3 4 5 .2 24
3643 3 6 4 3 . 1 7 4 5 1 1 4 5 1 0 .7 29
3650 3 6 4 9 . 8 11 4522 4 5 2 2 . 3 8
3835 3 8 3 4 . 7 12 4596 4 5 9 6 .1 7
•3948 3 9 5 0 . 0 45 4 7 0 2 4 7 0 2 . 3 8
4044 4 0 4 4 . 4 58 4880 4 8 7 9 -9 8
4158 4 1 5 8 . 6 99 4888 4 8 8 9 . 0 9
4 i 6 4 4 1 6 4 . 2 2 7 5060 5 0 6 0 .1 7
4182 4 1 8 1 . 9 47 5151 5 1 5 1 . 4 6
4192 4 1 9 1 .1 76 5 1 6 2 5 1 6 2 .3 1 7
4 1 9 8 4 1 9 8 . 3 79 5 1 8 8 5 1 8 7 .8 20
4201 4 2 0 0 . 7 100 5253 5 2 5 2 .8 7
4251 4 2 5 1 . 2 11 5496 5 4 9 5 . 9 16
* A l l  p e a k s  w e re  i d e n t i f i e d  a s  a t o m i c  a r g o n  l i n e s
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TABLE IV
SPECTRAL EMISSION AS A FUNCTION OF HEIGHT FOR SELECTED 
PEAKS FROM THE EMISSION OF MOIST ARGON
H e i g h t  R e g i o n  o f  I n t e n s i t y  o f  s i g n a l
p la sm a
(cm)
5089S
(OH)
59^9&
(Ar)
1J-201&
(Ar)
4 1 5 0 X
C o n t .
U861#
(H)
1 . 5 Core 1 5 . 1 . 1 1 , 0 0 0 2 2 , 0 0 0 1 , 2 5 0 750
5-5 S e c o n d a r y 5 - 7 195 1 ,7 6 0 5 0 .0 2 ^ . 2
6 . 5 T a i l  Flame 0 . 7 5 9 .0 t o o ^ . 5 1 5 .2
9 . 0 11 1 . 2 1 . 5 7 A 0 . 5 0 . 1
1 1 . 5 11 8 . 1 1 .5 7 . 2 0 . 5 0 . 1
1 ^ . 0 A f t e r  F lame 5 . 7 1 .0 7 . 0 0 . 1 0 . 1
1 6 .5 11 5 . 0 0 . 1 2 . 0 0 . 1 0
1 9 .0 II 0 . 1 0 0 0 0
H
ei
gh
t 
in 
Pl
as
m
a,
 
cm
.
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CD 3089$ (OH)
©  3949$ (Ar) 
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©  4150A (Continuum)
©  4201$  (Ar)
4861$  (H)
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1 , 0  2 . 0  3 . 0  4 . 0  5 . 0
Log R e l a t i v e  I n t e n s i t y
F i g u r e  5
P lasm a P r o f i l e  o f  E m i s s i o n  f o r  M o i s t  Argon
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i n t e n s i t y  o f  th e  e m i s s i o n  s p e c t r u m .  The main  e f f e c t  a p p e a r e d  t o  be 
a  g e n e r a l  o v e r a l l  i n c r e a s e  i n  t h e  i n t e n s i t y .  There  w e r e ,  h o w ev e r ,  
a t  h i g h e r  power l e v e l s  some a d d i t i o n a l  a r g o n  l i n e s  t h a t  a p p e a r e d  and 
a  few weak h y d r o g e n  l i n e s .  C o n t in u o u s  o p e r a t i o n  was n o t  p o s s i b l e  a t  
power l e v e l s  above  1 . 7 5  kVA w i t h  p u re  a r g o n  due t o  t h e  p la sm a  a t t a c k ­
i n g  t h e  q u a r t z  t u b i n g .  F i g u r e  6 shows th e  r e s p o n s e  o f  s e v e r a l  s p e c ­
t r a l  f e a t u r e s  t o  ch a n g e s  i n  power l e v e l .  S h o r t  t e rm  o p e r a t i o n  was 
found  to  be p r a c t i c a l  t o  power l e v e l s  o f  2 . 5  kVA.
When a  s h o r t  c o o l a n t  tu b e  was u s e d  t h e  a f t e r  f lame e m i t t e d  
band s p e c t r a  c h a r a c t e r i s t i c  o f  0 2 , N^, OH and  weak bands  a p p a r e n t l y  
due t o  NH and Ng+ . When th e  c o o l a n t  tu b e  was v e r y  s h o r t ,  l i k e  t h e  
t o r c h  r e p o r t e d  by G r e e n f i e l d ,  t h e  s e c o n d a r y  r e g i o n  e x t e n d e d  beyond  
t h e  end  o f  t h e  c o o l a n t  tu b e  i n t o  t h e  a tm o s p h e re  and t h e s e  band s y s ­
tems became more p ro m i n e n t  and t h e  c o n t in u u m  i n c r e a s e d .  The r e s u l t s  
o f  t h i s  t o r c h  c o n f i g u r a t i o n  w e re  q u i t e  s i m i l a r  t o  t h o s e  o b t a i n e d  
when l a r g e  a i r  sam p les  were  i n t r o d u c e d  i n t o  the c o o l a n t  s t r e a m .  When 
th e  t o r c h  h e a d  was c l e a n  and no sample  was b e i n g  i n t r o d u c e d  th e  c o r e  
and s e c o n d a r y  r e g i o n  w e re  q u i t e  s t a b l e  and t h e  t a i l  f lam e w an d e red  
o n ly  s l i g h t l y .  C o n t i n u o u s  m o n i t o r i n g  o f  t h e  ^201$ a r g o n  l i n e  w i t h  
t h e  i n s t r u m e n t  s e t  t o  r e a d  f u l l  s c a l e  d e f l e c t i o n  gave a  s i g n a l  t o  
n o i s e  r a t i o  o f  100 : 1 t o  200 : 1 ,  w i t h  a  maximum v a r i a t i o n  from th e  
mean o f  2<j0 o v e r  5 s u c c e s s i v e  20 m in u te  ru n s  p ro d u ced  o v e r  a  p e r i o d  
o f  2 h o u r s .  Over s h o r t  p e r i o d s  o f  t i m e ,  c a .  1 o r  2 d a y s ,  t h e  s y s ­
tem c o u l d  be s h u t  down and s t a r t e d  up a g a i n  and t h e  r e a d i n g s  r e ­
p roduced  w i t h i n  1 t o  2$, w i t h o u t  r e a d j u s t m e n t  o f  t h e  e q u i p m e n t .  G r e a t  
c a r e  had  t o  be t a k e n  when r e c o r d i n g  t h e  e m i s s i o n  s p e c t r u m  from th e  
c o r e  and a t  t im es  f rom th e  s e c o n d a r y  r e g i o n  i n  o r d e r  t o  p r e v e n t
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s a t u r a t i o n  o f  t h e  p h o t o m u l t i p l i e r .  I t  was o f t e n  fo u n d  t h a t  p a r t i a l  
s a t u r a t i o n  o f  t h e  p h o t o m u l t i p l i e r  o c c u r r e d  a t  v o l t a g e s  a s  low a s  500  
v o l t s .  T h i s  p a r t i a l  s a t u r a t i o n  c a u s e d  t h e  l i n e  t o  b a c k g ro u n d  r a t i o  
t o  be e r r o n e o u s l y  s m a l l .
3 . R e s u l t s  and  D i s c u s s i o n
a .  R es p o n s e  o f  S p e c i f i c  Groups
( 1 )  W a te r
When w a t e r  v a p o r  was i n t r o d u c e d  i n t o  e i t h e r  t h e  
c o o l a n t  o r  c e n t e r  s t r e a m s  m o d e r a t e l y  s t r o n g  OH b a n d s  ( jOSkR)  w e re  
e m i t t e d  f rom  a l l  r e g i o n s  o f  t h e  p l a s m a  and  t h e  o v e r a l l  i n t e n s i t y  o f  
t h e  p la s m a  was d e c r e a s e d  w h i l e  t h e  amount  o f  h e a t  d i s s i p a t e d  i n c r e a s ­
e d .  B a l m e r - s e r i e s  h y d r o g e n  l i n e s  w e re  a l s o  fo u n d  ( 2 k ,  k k ) .  These  
l i n e s  w e re  v e r y  s t r o n g  and  q u i t e  b r o a d  f rom t h e  c o r e  and  s e c o n d a r y  
r e g i o n  and w e re  s t r o n g e r  when t h e  sam p le  was  i n t r o d u c e d  i n t o  t h e  c o r e  
t h a n  when t h e  sam p le  was i n t r o d u c e d  i n t o  t h e  c o o l a n t  s t r e a m .  The 
h y d r o g e n  l i n e s  r a p i d l y  w eakened  i n  t h e  t a i l  f l a m e  and d i s a p p e a r e d  
b e f o r e  t h e  end  o f  t h e  c o o l a n t  t u b e  was r e a c h e d .  The 2800R OH band 
was fo u n d  o c c a s i o n a l l y  b u t  was o n l y  a p p r o x i m a t e l y  10$, a s  s t r o n g  as  
t h e  306 U& OH band i n  f a v o r a b l e  c a s e s .  Low c o n c e n t r a t i o n s  o f  w a t e r  
h a d  l i t t l e  e f f e c t  on t h e  i n t e n s i t i e s  o f  t h e  a r g o n  l i n e s  and a l m o s t  
no v i s u a l  e f f e c t  on t h e  d i s c h a r g e .  A t  h i g h e r  c o n c e n t r a t i o n s  t h e  c o r e  
r e t r a c t e d  and e l o n g a t e d  w h i l e  t h e  s e c o n d a r y  r e g i o n  became l e s s  d i s ­
t i n c t i v e .  The i n t r o d u c t i o n  o f  w a t e r  v a p o r  i n t o  t h e  c o r e  c a u s e d  a  
c o n s i d e r a b l e  i n c r e a s e  i n  t h e  i n t e n s i t y  o f  t h e  c o n t in u u m  and t h u s  
r e d u c e d  t h e  l i n e  t o  b a c k g ro u n d  r a t i o  o f  t h e  a r g o n .  The i n t e n s i t y  o f  
t h e  306bK  OH band  was found  t o  i n c r e a s e  f ro m  t h e  c o r e  t o  t h e  t a i l  
f l a m e  w h i l e  t h e  e f f e c t  on t h e  B a l m e r - s e r i e s  h y d r o g e n  was r e v e r s e d .
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The OH b ands  w e re  found  t o  i n c r e a s e  i n  i n t e n s i t y  w i t h  i n c r e a s e s  i n  
t h e  r f  pow er .
( 2 )  S im p le  Gases
N i t r o g e n ,  o x y g e n ,  h e l i u m  and a i r  w e re  i n v e s t i ­
g a t e d  a s  s a m p l e s .  The g a s e o u s  sample  was i n t r o d u c e d  th r o u g h  a  r o t o -  
m e t e r  and  m e t e r i n g  v a l v e  i n t o  t h e  s t r e a m  o f  i n t e r e s t  and  mixed w i t h  
a r g o n  i n  a  m i x in g  c h a m b e r .  In  a l l  c a s e s  i t  was p o s s i b l e  t o  r e p l a c e  
a l l  o f  t h e  a r g o n  w i t h  sam ple  gas  i n  t h e  c o o l a n t  s t r e a m  w i t h o u t  
e x t i n g u i s h i n g  t h e  p la s m a  d i s c h a r g e ,  h o w e v e r ,  i t  was n e c e s s a r y  i n  
some c a s e s  t o  i n c r e a s e  t h e  power l e v e l  a s  h i g h  a s  2 . 0  kVA minimum 
t o  m a i n t a i n  t h e  d i s c h a r g e .  I n  t h e  c a s e  o f  n i t r o g e n  and h e l i u m  a l l  
o f  t h e  a r g o n  c o u l d  be r e p l a c e d  i n  t h e  c e n t e r  t u b e ,  h o w e v e r ,  i n  t h e  
c a s e  o f  a i r  o r  o x y g e n ,  p u r e  gas  sam p les  c o u l d  n o t  be i n t r o d u c e d  i n t o  
t h e  c e n t e r  s t r e a m  a t  low power l e v e l s .  I n  a l l  c a s e s  a s  t h e  amount 
o f  s am ple  g a s  i n  t h e  a r g o n  i n c r e a s e d  t h e  minimum amount o f  power 
r e q u i r e d  t o  m a i n t a i n  t h e  p la sm a  d i s c h a r g e  a l s o  i n c r e a s e d .  U s ing  
p u r e  s a m p le s  i n  t h e  c o o l a n t  s t r e a m  r e q u i r e d  a p p r o x i m a t e l y  t w i c e  th e  
minimum power ( c a .  1.1+ kVA) r e q u i r e d  t o  m a i n t a i n  t h e  p la sm a  d i s ­
c h a r g e  w i t h  a r g o n  o n l y .  W i th  a  sample  s i z e  o f  c a .  0 . 1  l . / m i n .  t h e  
s p e c t r a  o b t a i n e d  when sam p le s  w ere  i n t r o d u c e d  i n t o  t h e  c e n t e r  and 
c o o l a n t  s t r e a m s  c o u l d  be com pared  d i r e c t l y .  I n  g e n e r a l ,  i n t r o d u c ­
t i o n  o f  any  o f  t h e  g a s e s  i n t o  t h e  c e n t e r  s t r e a m  r e s u l t e d  i n  s e v e r e  
c o n t r a c t i o n  o f  t h e  c o r e ,  r e d u c t i o n  i n  t h e  l i n e  t o  b a c k g ro u n d  r a t i o  
and  r e d u c t i o n  o f  l i n e  and band i n t e n s i t i e s  i n  t h e  s p e c t r u m  o b t a i n e d  
f ro m  t h e  c o r e  and s e c o n d a r y  r e g i o n  and t o  a  l e s s e r  e x t e n t  f r o m  th e  
t a i l  f l a m e .
I n t r o d u c t i o n  o f  s am p le  g a s e s  i n t o  t h e  t a i l  f l a m e
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v i a  t h e  " t e e "  i n  t h e  c o o l a n t  t u b e ,  a s  wou ld  be e x p e c t e d ,  d i d  n o t  a p ­
p e a r  t o  e f f e c t  t h e  c o r e  o r  s e c o n d a r y  r e g i o n ,  b u t  o f t e n  d r a s t i c a l l y  
changed  t h e  s p e c t r u m  o f  t h e  t a i l  f l a m e .  As n i t r o g e n  r e p l a c e d  a r g o n  
i n  t h e  c o o l a n t  s t r e a m  t h e  t a i l  f l am e  o f  t h e  p la sm a  d i s c h a r g e  t u r n e d  
p i n k  t o  r e d d i s h - o r a n g e  and  t h e  a f t e r  f l a m e  i n c r e a s e d  i n  l e n g t h .  W i th  
p u re  n i t r o g e n  c o o l a n t  t h e  r e d  a f t e r  f l am e  e x t e n d e d  o v e r  60  cm. beyond 
th e  end  o f  t h e  c o o l a n t  s t r e a m .  I n  a l l  c a s e s  t h e  i n t r o d u c t i o n  o f  a  
g i v e n  sample  r e s u l t e d  i n  t h e  same l i n e  and band s p e c t r a .  When n i t r o ­
gen  was i n t r o d u c e d  t h e  s p e c t r a  o b t a i n e d  f rom a l l  t h r e e  r e g i o n s  o f  th e  
p la sm a  d i s c h a r g e  showed th e  s e c o n d  p o s i t i v e  n i t r o g e n  s y s t e m  and a t  
h i g h e r  power l e v e l s ,  p a r t i c u l a r l y  f rom t h e  c o r e  and s e c o n d a r y  r e g i o n ,
bands  o f  t h e  f i r s t  n e g a t i v e  n i t r o g e n  s y s t e m  a p p e a r e d ,  o r i g i n a t i n g  
+
w i t h  Ng . The r e d  e m i s s i o n  was p r o b a b l y  due t o  t h e  f i r s t  p o s i t i v e  
n i t r o g e n  s y s t e m  ( 4 2 ) .  The two n i t r o g e n  band s y s t e m s  o b s e r v e d  a l o n g  
w i t h  l i t e r a t u r e  v a l u e s  a r e  g i v e n  i n  T a b l e  V. F i g u r e  7 shows t h e  
s p e c t r u m  o b t a i n e d  f rom  t h e  lo w e r  p o r t i o n  o f  t h e  t a i l  f lam e when n i ­
t r o g e n  was i n t r o d u c e d  a s  a  sample  i n t o  t h e  c o o l a n t  s t r e a m .  Atomic 
n i t r o g e n  l i n e s  a r e  p r o b a b l y  p r e s e n t  i n  t h e  s p e c t r u m  a t  4 1 0 0 ,  4 1 1 0 ,  
383O, 4-915 and 49 3 5 ^ ,  h o w e v e r ,  t h e s e  l i n e s  a r e  t o o  weak o r  too  c l o s e  
t o  s t r o n g  a r g o n  l i n e s  f o r  p o s i t i v e  i d e n t i f i c a t i o n  ( 2 5 ) .
I n t r o d u c t i o n  o f  oxygen  e v e n  a t  low l e v e l s  c a u s e d  
s e v e r e  r e d u c t i o n  i n  t h e  l i n e  i n t e n s i t i e s .  A t  h i g h e r  c o n c e n t r a t i o n s  
a  p o o r l y  d e v e l o p e d  oxygen band s y s t e m  a p p e a r e d .  The s y s t e m  was too  
p o o r l y  d e v e l o p e d  f o r  p o s i t i v e  i d e n t i f i c a t i o n  o f  band  h e a d s  b u t  a p ­
p e a r e d  t o  be t h e  Schumann-Runge S y s tem  ( 4 3 ) .  The s p e c t r u m  o b t a i n e d  
f rom t h e  t a i l  f l am e  o f  t h e  p la sm a  d i s c h a r g e  i s  shown i n  F i g u r e  8 .  
I n t r o d u c t i o n  o f  h e l i u m  had  no e f f e c t  on t h e  s p e c t r u m  o b t a i n e d  a s  f a r
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MAJOR PEAKS FOUND
TABLE V 
IN THE SPECTRUM OF DRY NITROGEN*
W ave leng th W ave leng th O r i g i n
(F ound) ( L i t . )
(S) (X)
2952 2 9 5 3 .2  (1*2) n2
2962 2 9 6 2 .0  ” t l
2977 2 9 7 6 .8  " I t
3116 3 1 1 6 .7  " 1!
3135 3 1 3 6 .0  " I I
3158 3 1 5 9 .3  " f t
3360 3360  " N2 o r  NH
3371 3370 NH ?
3 3 7 1 .3  " N2 ?
3538 3 5 3 6 .7  " Tl
3578 3 5 7 6 .9  " I t
3755 3 7 5 5 . ^ ” f t
3802 3 8 0 4 .9  " I I
3883 3 8 8 3 .4  ( 3 9 ) CN
3914 3 9 1 4 .4  (42)
+
n2
4100 4 0 9 9 .9  (25) N ?
4110 4 1 0 9 .9  " N ?
4236 4 2 3 6 .5  (42) n2
4279 4 2 7 8 .1  " n2
* L i n e s  o r i g i n a t i n g  from a r g o n  n o t  t a b u l a t e d .
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a s  t h e  number o f  e m i s s i o n  l i n e s  and  bands  a r e  c o n c e r n e d  b u t  d i d  c a u s e  
a  s l i g h t  r e d u c t i o n  i n  t h e  i n t e n s i t i e s  o f  t h e  a r g o n  l i n e s  and  an  i n ­
c r e a s e  i n  t h e  i n t e n s i t y  o f  t h e  OH bands  and t h e  c o n t i n u u m .
No e m i s s i o n  l i n e s  c h a r a c t e r i s t i c  o f  h e l i u m  w ere  
found  u n d e r  t h e  c o n d i t i o n s  employed i n  t h e s e  e x p e r i m e n t s .  H e l iu m  
c o o l a n t  c a u s e d  t h e  p la s m a  t o  r a d i a t e  a  n o t i c a b l y  g r e a t e r  amount o f  
h e a t  t h a n  any  o t h e r  c o o l a n t .  I n t r o d u c t i o n  o f  a i r ,  a s  wou ld  be e x ­
p e c t e d ,  p r o d u c e d  an  e f f e c t  w h ic h  was a  h y b r i d  o f  t h e  e f f e c t  p ro d u c e d  
by oxygen  and n i t r o g e n .  N i t r o g e n  and  oxygen  bands  w e r e  p r e v a l e n t  a s  
i n  t h e  c a s e  o f  e i t h e r  gas  and t h e  l i n e  t o  b a c k g ro u n d  r a t i o  d e c r e a s e d  
a l o n g  w i t h  a  s m a l l e r  d e c r e a s e  i n  t h e  l i n e  i n t e n s i t i e s .  The OH bands  
became v e r y  p r o m i n e n t  and  b ands  o f  t h e  NO y - s y s t e m  a p p e a r e d  0+2) .
T h i s  s p e c t r u m  i s  shown i n  F i g u r e  9-  The bands  o f  t h e  NO y - s y s t e m  a r e  
c o n s i d e r e d  l a t e r  u n d e r  t h e  d i s c u s s i o n  on n i t r o g e n  o x i d e s .  The e f f e c t  
o f  power on t h e  v a r i o u s  band  s y s t e m s  i s  shown i n  F i g u r e  1 0 .
W i th  a i r  c o o l a n t  t h e  p la sm a  t o r c h  was o p e ra . t e d  
a t  power l e v e l s  up t o  4 . 0  kVA. A t  a  power l e v e l  o f  4 kVA t h e  s e ­
c o n d a r y  r e g i o n  became a n  e x t e n t i o n  o f  t h e  c o r e .  The s p e c t r u m ,  F i g ­
u r e  1 1 ,  gave  an  a v e r a g e  s i g n a l  to  b a c k g ro u n d  r a t i o  o f  1 : 1 a t  a  s i g ­
n a l  t o  n o i s e  r a t i o  o f  a p p r o x i m a t e l y  10 : 1 t o  20 : 1 f o r  f u l l s c a l e  
d e f l e c t i o n .  F a i r l y  s t r o n g  and w e l l  d e v e l o p e d  NO y - s y s t e m  bands  and 
N2 bands  ( f i r s t  n e g a t i v e  s y s t e m )  w e re  found  a l o n g  w i t h  f a i r l y  s t r o n g ,  
p o o r l y  d e v e l o p e d  0 2 bands  and  m o d e r a t e l y  s t r o n g ,  w e l l  d e v e l o p e d  N2 
and  NH b a n d s .  Atomic  n i t r o g e n  l i n e s  c o u l d  n o t  be d e f i n i t e l y  i d e n t i ­
f i e d  a l t h o u g h  t h e y  a p p e a r e d  t o  be p r e s e n t  a s  weak l i n e s  a t  4100 and 
4110&. A l a r g e  number o f  a r g o n  l i n e s  w e re  s t i l l  p r e s e n t  i n  t h e  s p e c ­
t r a l  r e g i o n  4 0 0 0 - 5 0 0 0 $ .
5000 4500 4000 3500 3000 2500
O
W av e len g th ,  A
F i g u r e  9 
S pec t rum  o f  M o is t  A i r
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E f f e c t  o f  Rf Power on E m is s i o n  I n t e n s i t y  f o r  M o i s t  N i t r o g e n
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R a i s e n  (^-7) r e p o r t e d  t h a t  t h e  NO Y- s y s te m  does  
n o t  o c c u r  i n  t h e  e m i s s i o n  s p e c t r u m  o f  a  c a r b o n  e l e c t r o d e  p l a s m a  d i s ­
c h a r g e .  T h i s  was p r o b a b l y  due t o  t h e  r e a c t i o n  o f  any  NO p r o d u c e d  
w i t h  t h e  e l e c t r o d e s .  A t  t h i s  p o i n t  i t  was i n t e r e s t i n g  t o  n o t e  t h a t  
t h e  ^ 159  and  k20 lX  a r g o n  l i n e s  c o r r e s p o n d e d  t o  e l e c t r o n i c  t r a n s i t i o n s  
o f  a p p r o x i m a t e l y  1 ^ . 7  e v ,  T h ese  t r a n s i t i o n s  w e re  f rom a n  e x c i t e d  
s t a t e  t o  a  m e t a s t a b l e  s t a t e  w i t h  an  e n e r g y  o f  t h e  o r d e r  o f  1 1 . 5  e v .
The f i r s t  and  s e c o n d  p o s i t i v e  n i t r o g e n  s y s t e m s  r e p r e s e n t e d  t r a n s i ­
t i o n s  f rom  e x c i t e d  s t a t e s  w i t h  e n e r g i e s  o f  t h e  o r d e r  o f  7*^+ a n d 
1 1 . 0  e v . , r e s p e c t i v e l y  ( ^ 2 ) .  I t  was  a l s o  i n t e r e s t i n g  t o  n o t e  a t  t h i s  
p o i n t  t h a t  t h e  i o n i z a t i o n  p o t e n t i a l  o f  h e l i u m  a t  2k . 6  e v .  w a s ,  i n  a l l  
p r o b a b i l i t y ,  f a r  beyond  t h e  e n e r g y  a v a i l a b l e  i n  t h i s  a r g o n  b a s e d  
p l a s m a ;  i n  f a c t  i t  a p p e a r e d  f ro m  d a t a  r e p o r t e d  by C h a n d l e r  ( 8 )  t h a t  
t h e r e  a r e  no p r o m i n e n t  h e l i u m  t r a n s i t i o n s  e x p e c t e d  a t  t h i s  low e n e r g y  
l e v e l .  Thus t h e  e f f e c t s  c a u s e d  by h e l i u m  w o u ld  be due  to  d i l u t i o n  
and  m os t  l i k e l y  t o  c h a n g e s  i n  t h e  h e a t  c a p a c i t y  o f  t h e  p l a s m a .  W h i le  
c o n s i d e r i n g  e n e r g y  l e v e l s  i t  s h o u l d  a l s o  be n o t e d  t h a t  t h e  f i r s t  i o n ­
i z a t i o n  p o t e n t i a l  f o r  m o l e c u l a r  n i t r o g e n  (15*5  e v .  ) i s  r e p o r t e d  t o  be 
o n l y  0 . 2  e v .  l e s s  t h a n  t h e  i o n i z a t i o n  p o t e n t i a l  o f  a r g o n .  The a b s e n c e  
o f  a t o m i c  oxygen  l i n e s  c o u l d  be e x p l a i n e d  on  t h e  b a s i s  t h a t  t h e  m a jo r  
ox y g en  l i n e s ,  7 7 7 2 , 777^  and  7 7 7 5 ^ ,  f e l l  o u t s i d e  t h e  r a n g e  o f  t h e  
p h o t o m u l t i p l i e r  u s e d .
( 3 )  H y d r o c a r b o n s
M e th a n e ,  e t h a n e ,  p r o p a n e ,  n - h e x a n e , n - h e p t a n e ,  
n - o c t a n e ,  c y c l o h e x a n e ,  e t h y l e n e ,  1 - o c t e n e ,  b e n z e n e  and  t o l u e n e  w e re  
i n v e s t i g a t e d  i n  t h e  p l a s m a  d i s c h a r g e .  A l l  o f  t h e  s p e c t r a  o b t a i n e d  
f rom  t h e  h y d r o c a r b o n  s a m p l e s  gave  band  h e a d s  a t  5^35» 5 5 8 5 ,  55^-0,
58
5165  j 51 2 9 ,  4 7 3 7 ,  ^715 and  469T& w h ic h  w e re  members o f  t h e  C2 Swan 
band  s y s t e m  ( 5 8 ) .  CN band h e a d s  w e re  fo u n d  a t  1+216, 4 1 2 7 ,  5883 and 
5586^  ( 3 9 ) -  These  bands  w e re  members o f  t h e  v i o l e t  cy an o g e n  s y s t e m .  
The v a r i a t i o n  o f  i n t e n s i t y  o f  s e v e r a l  p eak s  a s  a  f u n c t i o n  o f  r f  pow­
e r  l e v e l  i s  shown i n  F i g u r e  1 2 .  I n  a d d i t i o n  t o  t h e s e  bands  a t  low 
h y d r o c a r b o n  c o n c e n t r a t i o n s  a  w e l l  d e v e l o p e d  s p e c t r u m  o f  a t o m i c  a r g o n  
l i n e s  and  OH bands  w ere  f o u n d .  The a t o m ic  c a r b o n  l i n e  a t  2478& was 
a l s o  p r e s e n t  ( 2 3 ) .  The CN bands  w ere  t h e  mos t  p r o m i n e n t  bands  a t  
low h y d r o c a r b o n  c o n c e n t r a t i o n s .  The s o u r c e  o f  t h e  n i t r o g e n  a p p e a r e d  
t o  be t h e  a r g o n  s u p p o r t  g a s .  Mass s p e c t r a l  a n a l y s i s  o f  e a c h  c y l i n d e r  
o f  a r g o n  c o n f i r m e d  t h e  p r e s e n c e  o f  n i t r o g e n ,  w a t e r ,  oxygen  and  c a r b o n  
d i o x i d e ,  i n  o r d e r  o f  d e c r e a s i n g  c o n c e n t r a t i o n s .  The w a t e r  and  c a r ­
bon d i o x i d e  w e re  rem ove d ,  a s  p r e v i o u s l y  m e n t i o n e d ,  by p a s s i n g  t h e  
a r g o n  t h r o u g h  s i l i c a - g e l  and  a s t e r i t e  co lumns  and t h e  oxygen  by p a s s ­
i n g  t h e  gas  t h r o u g h  a h o t  c o p p e r  t u b e .  The o r g a n i c  s a m p le s  w ere  
t h e m s e l v e s  o u t g a s s e d  w i t h  " p u r i f i e d "  a r g o n  b e f o r e  i n j e c t i o n .  These  
s t e p s  r e d u c e d  t h e  i n t e n s i t i e s  o f  t h e  OH bands  d r a s t i c a l l y  and th e  
CN bands  s l i g h t l y .  At h i g h e r  c o n c e n t r a t i o n s  t h e  t a i l  f l a m e  o f  t h e  
t o r c h  t u r n e d  g r e e n  and became s e m i - t r a n s p a r e n t  and r e c o r d e d  s p e c t r a  
i n d i c a t e d  t h a t  t h e  Swan-C2 bands  had  become more i n t e n s e  t h a n  t h e  CN 
b a n d s .  The s p e c t r u m  o f  a  t y p i c a l  h y d r o c a r b o n  i s  shown i n  F i g u r e  13 
and t h e  m a jo r  c o n c e n t r a t i o n  d e p e n d e n t  p e a k s  a r e  g i v e n  i n  T a b l e  VI.
A t  h i g h  c o n c e n t r a t i o n s  c a r b o n  was p ro d u c e d  r a p ­
i d l y  and  d e p o s i t e d  on t h e  w a l l s  o f  t h e  c o o l a n t  tu b e  t h u s  r e n d e r i n g  
i t  n o n - t r a n s p a r e n t .  L a rg e  s a m p le s  i n t r o d u c e d  i n t o  t h e  t a i l  f l a m e  l e d  
t o  t h e  p r o d u c t i o n  o f  l a r g e  q u a n t i t i e s  o f  e l e m e n t a l  c a r b o n  and a  g r e e n  
t a i l  f l a m e  w h ic h  c o n t a i n e d  s o o t y  y e l l o w  s t r e a k s .  No b ands  o t h e r  t h a n
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E f f e c t  o f  Rf Power on E m is s i o n  I n t e n s i t y  f o r  n - O c ta n e
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TABLE VI
MAJOR PEAKS FOUND IN THE SPECTRA OF HYDROCARBONS*
W avelength
(Found)
W avelength  
( L i t . )
O r ig in Wavelength
(Found)
W avelength
( L i t . )
O r ig in
(£ ) (X) (X) (X)
2^78 2^78.6  (23) C 1+715 1+715.2 (38) C2
3089 3089 ( k b ) OH 1+736 1+737-1 " C2
3586 3585 .9  (39) CN 1+861 1+861.3 (2l+) H
3590 3 5 9 0 . b  " CN 5099 5 0 9 7 .7  (38) C2
385^ 3 8 5 ^ .7  " CN 5130 5 1 2 9 .7  " C2
3862 3 8 6 1 .9  " ' CN 5165 5 1 6 5 .2  " c2
3871 3 8 7 1 . b  " CN 51+71 51+70.3 " c2
3883 3883 .^ " CN 5502 55 01 .9  " c2
1+167 1+1 6 7 .8  " CN 55^1 55^ 0 .7  " c2
1+180 1+181.0 " CN 5585 5585 .5  " c2
1+198 1+197.2 " CN 5636 5635 .5  " c2
1+216 1+216.0 " CN 5960 5 9 5 8 .7  " c2
1+381 i+3 8 2 .5  (38 ) C2 6001+ 6001+.9 " c2
1+680 1+6 7 8 .6  " C2 606I 6 0 5 9 .7  " C2
1+683 1+681+. 8 " C2 6123 6 1 2 2 .1  " c2
1+698 1+697.6 " C2 619I 6 1 9 1 .2  M c2
* L i n e s  o r i g i n a t i n g  from a rg o n  n o t  t a b u l a t e d .
]+2
t h e  v i o l e t  CN s y s t e m  and  t h e  Swan-C2 s y s t e m  w e r e  f o u n d .  No a t o m i c  
e m i s s i o n  l i n e s  w e r e  fo u n d  e x c e p t  c a r b o n  (2*4-78^) a n d  o c c a s i o n a l l y  t h e  
B a lm e r  h y d r o g e n  s e r i e s .  The a p p e a r a n c e  o f  t h e  h y d r o g e n  l i n e s  was n o t  
r e p r o d u c i b l e .  I t  a p p e a r e d  i n  g e n e r a l ,  h o w e v e r ,  t h a t  t h e  h y d r o g e n  
l i n e s  w e r e  i n t e n s e  o n l y  when t h e  OH b a n d s  w e r e  a b s e n t  o r  w e a k ,  t h u s  
i n d i c a t i n g  a  p o s s i b l e  r e l a t i o n s h i p  i n  t h i s  c a s e  b e t w e e n  t h e  -w a te r  c o n ­
t e n t  o f  t h e  h y d r o c a r b o n s  and  t h e  a b s e n c e  o f  h y d r o g e n  e m i s s i o n .  The 
v a r i a t i o n  o f  i n t e n s i t y  w i t h  h e i g h t  f o r  s e v e r a l  p e a k s  i s  shown i n  
F i g u r e  1*1-.
A d d i t i o n  o f  t r a c e s  o f  n i t r o g e n  c a u s e d  a  d r a s t i c  
i n c r e a s e  i n  t h e  i n t e n s i t i e s  o f  t h e  CN b a n d s  a n d  l o s s  o f  t h e  OH b a n d s  
and  a  m o d e r a t e  l o s s  i n  i n t e n s i t y  o f  t h e  C2 b a n d s  and  t h e  c a r b o n  l i n e .  
T h e r e  was  l i t t l e  e f f e c t  on  t h e  i n t e n s i t i e s  o f  t h e  a r g o n  l i n e s .  A t  
h i g h e r  n i t r o g e n  c o n c e n t r a t i o n s  t h e  C2 b a n d s  became a l m o s t  i m p o s s i b l e  
t o  f i n d .  A t  h i g h e r  c o n c e n t r a t i o n s  o f  h y d r o c a r b o n ,  w h e r e  t h e  t a i l  
f l a m e  was  g r e e n ,  a d d i t i o n  o f  n i t r o g e n  c a u s e d  t h e  t a i l  f l a m e  t o  l o o s e  
t h e  g r e e n  c o l o r  a n d  become a  t r a n s p a r e n t  m a g e n t a .  E x a m i n a t i o n  o f  t h e  
s p e c t r a  i n d i c a t e d  t h a t  t h e  o n l y  e m i s s i o n s  o f  r e l a t i v e  s i g n i f i c a n c e  
w e r e  t h e  CN, a n d  N2 b a n d s  and  a  r a t h e r  l a r g e  c o n t i n u u m .  I n t r o d u c ­
t i o n  o f  a i r  c a u s e d  t h e  l o s s  o f  C2 b a n d s  w h i l e  p r o v i d i n g  o n l y  a  m o d e r ­
a t e  i n c r e a s e  i n  t h e  CN ban d  i n t e n s i t y .  The OH band  became m o s t  p rom­
i n e n t  a t  h i g h e r  c o n c e n t r a t i o n s  w h i l e  t h e  c a r b o n  l i n e  was  l o s t .
Bands  s i m i l a r  t o  t h o s e  f o u n d  when o x y g e n  was  ad d e d  t o  t h e  p l a s m a  
a p p e a r e d  and  w eak  b a n d s  i n  t h e  UV, p o s s i b l y  b e l o n g i n g  t o  t h e  NO y -  
s y s t e m ,  a p p e a r e d .  I n c r e a s i n g  t h e  h y d r o c a r b o n  c o n c e n t r a t i o n  c a u s e d  
th e  C2  b a n d s  and  c a r b o n  l i n e  t o  r e a p p e a r .  A t  low c o n c e n t r a t i o n  l e v ­
e l s  o f  b o t h  h y d r o c a r b o n  a n d  a i r  t h e r e  was  l i t t l e  e f f e c t  on t h e
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0  2478& (C)
0  38S3& (CN)
O  4150& (Continuum)
0  4201& (Ar)
©  5165& (C2 >
T a i l  F l a m e -
\  S e c o n d a r y
^ R e s i o n
2 . 0  3 . 0  4 . 0
Log R e l a t i v e  I n t e n s i t y
F i g u r e  14
P la s m a  P r o f i l e  o f  E m i s s i o n  f o r  n - O c t a n e
a r g o n  l i n e  s p e c t r a ,  h o w e v e r ,  a t  h i g h e r  c o n c e n t r a t i o n s  o f  e i t h e r  o r  
b o th  t h e  a r g o n  s p e c t r u m  d e c r e a s e d  i n  i n t e n s i t y .
R e p e a t i n g  t h e  same e x p e r i m e n t  w i t h  added  oxygen  
l e d  t o  t h e  l o s s  o f  t h e  C2 band s y s t e m  and  a t  h i g h e r  oxygen  c o n c e n ­
t r a t i o n s  d i m i n i s h e d  i n t e n s i t y  o f  t h e  CN b a n d s .  The OH band s y s t e m  
became h i g h l y  d e p e n d e n t  on t h e  oxygen  and h y d r o c a r b o n  c o n t e n t  and 
became t h e  most  p r o m i n e n t  s p e c t r a l  f e a t u r e .  A t  h i g h e r  oxygen  c o n ­
c e n t r a t i o n s  t h e  a r g o n  l i n e  s p e c t r a  was a l m o s t  l o s t ,  t h e  c o n t in u u m  
i n c r e a s e d  i n  i n t e n s i t y  and p o o r l y  d e v e l o p e d  02 bands  became p ro m i ­
n e n t .
A d d i t i o n  o f  h e l i u m  a p p e a r e d  t o  h a v e  l i t t l e  e f ­
f e c t  on t h e  s p e c t r u m  o b t a i n e d .  The c o o l a n t  t u b e ,  h o w e v e r ,  d i d  t e n d  
to  o v e r h e a t  i n t r o d u c i n g  SiO bands  and s i l i c o n  l i n e s  i n t o  t h e  s p e c ­
t rum  ( 2 7 ) .  In  g e n e r a l ,  h e l i u m  seemed t o  d e c r e a s e  t h e  o v e r a l l  e f f i ­
c i e n c y  i n  p r o d u c i n g  l i n e  and  band s p e c t r a  by a b o u t  8 t o  1 0 ^ .  The 
e f f e c t  o f  p o i n t  o f  sample  i n j e c t i o n  and  added  gas  i s  summarized  i n  
T a b l e  V I I .
(Ij-) N i t r o g e n  Compounds
n - P r o p y l  a m in e ,  n - b u t y l  a m in e ,  e t h a n o l  a m in e ,  
p y r i d i n e  and  a n i l i n e  w e re  i n j e c t e d  i n t o  b o t h  t h e  c o o l a n t  s t r e a m  and 
t h e  c e n t e r  s t r e a m  o f  t h e  p la sm a  t o r c h .  The s p e c t r a  o b t a i n e d  w ere  
o n l y  s l i g h t l y  d i f f e r e n t  i n  i n t e n s i t i e s  f rom t h e  h y d r o c a r b o n  s p e c t r a  
f ro m  th e  c o r e  r e g i o n  and  d i d  n o t  v a r y  o u t s i d e  t h e  l i m i t s  o f  e x p e r i ­
m e n ta l  e r r o r  i n  t h e  s e c o n d a r y  r e g i o n  and t a i l  f l am e  r e g i o n .  A t  low 
c o n c e n t r a t i o n s  t h e  o n l y  bands  found  w e re  t h o s e  c h a r a c t e r i s t i c  o f  CN. 
The r e s p o n s e  o f  t h e  CN band  s i g n a l s  was g r e a t e r  t h a n  f o r  n o n - n i t r o ­
gen  c o n t a i n i n g  compounds.  The CN bands  w ere  v e r y  s e n s i t i v e  t o  th e
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TABLE VII
EFFECT OF POINT OF SAMPLE INTRODUCTION AND ADDED GAS ON 
SEVERAL SPECTRAL FEATURES FOR N-HEPTANE
C a r r i e r  P o i n t  o f I n t e n s i t y  o f  S i g n a l s
Gas I n j e c t i o n
( 0 . 2  1 /m in ) 21+78$ 3089$ 3371$  3883$  1+201$* 5165$
( c ) (OH) (N2 ) (CN) (Ar) (c2 )
Argon Blank 0 0 0 0 2.1+ 0
C e n t e r 0 . 1+ 0 0 1 0 . 3 2.1+ 11 .5
Coola.nt 0 . 2 0 0 10.1+ 2.1+ 1 1 . 2
T a i l  Flame 0 . 1 0 . 2 0 • 1 0 . 5 2 . 5 1 1 .5
Hel ium Blank 0 6 . 2 0 0 1 . 9 0
C e n t e r 0 . 5 0 . 7 0 1 0 . 2 1 . 9 1 0 . 1
C o o la n t 0.1+ 0 . 6 0 1 0 . 0 1 . 9 1 0 . 2
T a i l  Flame 0 . 1 0 . 8 0 1 0 . 3 1 . 9 1 0 . 2
N i t r o g e n Blank 0 . 1 0 0 . 6 3 . 0 0
C e n t e r 0 . 3 0 0 . 9 1 7 . 0 5 . 8 0 . 1+
C o o la n t 0 . 2 0 0 . 8 1 5 . 0 5 . 6 0 . 6
T a i l  Flame 0 . 1 0 0 . 7 1 5 . 0 5 . 6 0 . 9
Oxygen Blank 0 0 . 3 0 0 2 . 8 0
C e n t e r 0 . 2 0 . 7 0 1 0 . 0 2 .2 8.1+
Coola.nt 0 . 1 0 . 6 0 1 1 . 0 2 . 2 9 - 6
^ C o o l a n t 0 . 1 9 . 0 0 0 2 . 8 0
T a i l  Flame 0 . 1 3 . 5 0 1 0 . 1 2 . 8 9 . 6
A i r Blank 0 0 . 1 0 . 2 0.1+ 2.1+ 0
C e n t e r 0 . 2 0 . 1 0 . 3 6 . 8 2 . 7 2 . 5
C o o la n t 0 . 1 0 . 1 0.1+ 7 . 1+ 2 . 8 2 . 8
T a i l  Flame 0 0 . 1 0.1+ 7 . 6 2 .9 2 . 7
$ C o n c e n t r a t i o n  o f  oxygen i n c r e a s e d  f o u r  t i m e s .  
* P o s s i b l y  o v e r l a p s  1+216$ CN band .
4 6
amine c o n c e n t r a t i o n .  A t  lower  c o n c e n t r a t i o n s  p r o p y l  amine and e t h a -
p r o p y l  amine i s  g i v e n  i n  F i g u r e  1 5 .  These bands  were v e r y  power de ­
p e n d e n t  and a p p e a r e d  o n ly  o v e r  a  v e r y  s m a l l  r a n g e  o f  power l e v e l s .  
With  i n c r e a s i n g  c o n c e n t r a t i o n s  t h e  C2 Swan bands  a p p e a re d  as  w e l l  as  
N2 bands  b e l o n g i n g  t o  t h e  second  p o s i t i v e  n i t r o g e n  s e r i e s .  The a p ­
p e a r a n c e  o f  th e  N2 bands  o f  t h e  second  p o s i t i v e  s e r i e s  was accompa­
n i e d  by a d i s a p p e a r a n c e  o f  t h e  OH b a n d s .  The bands  c h a r a c t e r i s t i c  
o f  CN and N2 w ere  f a v o r e d  by h i g h  power l e v e l s .  The e t h a n o l  amine 
sample  gave b o th  t h e  NH bands (33^0 and 3370$)  and OH bands  a t  low 
c o n c e n t r a t i o n s  ( 4 2 ) .  A t  h i g h e r  c o n c e n t r a t i o n s  th e  NH bands  were  r e ­
p l a c e d  by N2 bands (3371 an^ 3577$)-  C o n c e n t r a t i o n  d e p e n d e n t  s i l i ­
con l i n e s  a p p e a r  a t  m odera te  c o n c e n t r a t i o n s .  E t h a n o l  amine i n  the  
p la sm a  ap p e a re d  to be v e r y  c o r r o s i v e  to  th e  q u a r t z  c o o l a n t  t u b e .  By 
c a r e f u l  s e l e c t i o n  o f  c o n c e n t r a t i o n  and power l e v e l  i t  was p o s s i b l e  
t o  o b t a i n  s p e c t r a l  e m i s s i o n s  c h a r a c t e r i s t i c  o f  CN, NH, N2 , OH, C and 
S i ,  a l l  showing some c o n c e n t r a t i o n  dependence  o ve r  a  l i m i t e d  co n ce n ­
t r a t i o n  r a n g e .  In  g e n e r a l  t h e  most  p ro m i n e n t  and p e r s i s t e n t  e m is s i o n  
o b t a i n e d  f o r  the  am ines  was th e  3883$  CN band .
t r o b e n z e n e  were  i n j e c t e d  i n t o  th e  p la sm a  i n t o  b o th  c e n t e r  and c o o l ­
a n t  s t r e a m s .  The s p e c t r a  o b t a i n e d  from t h e  two d i f f e r e n t  i n j e c t i o n  
s t r e a m s  v a r i e d  o n l y  s l i g h t l y  from e a c h  o t h e r .  The s p e c t r a  from 
t h e s e  compounds w ere  s i m i l a r  to  t h e  h y d r o c a r b o n s  e x c e p t  a s  i n  the  
c a s e  o f  the  a m in e s ,  the  CN bands  were  much more p r o m i n e n t .  A c e to -  
n i t r i l e  gave bands c o i n c i d e n t  w i t h  t h e  NH bands  (3360 and 3370$) .  
The n i t r o  compounds d e p r e s s e d  th e  a rg o n  s p e c t r u m  a n d ,  i n  g e n e r a l ,
n o l  amine gave weak NH bands The s p e c t r u m  o f
A c e t o n i t r i l e , b u t r o n i t r i l e , n i t r o p r o p a n e  and n i -
5500 45005000 4000 3500 3000
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gave  lo w e r  ban d  i n t e n s i t i e s  t h a n  s i m i l a r  h y d r o c a r b o n s  and  a m i n e s .
A t  h i g h e r  c o n c e n t r a t i o n s  weak NO b a n d s  a p p e a r e d .  A l l  o f  t h e s e  com­
pounds  g a v e  C2 b a n d s  a t  h i g h e r  c o n c e n t r a t i o n s .  No bands  d e f i n i t e l y  
a t t r i b u t a b l e  t o  N2 c o u l d  be fo u n d  f o r  t h e  n i t r o  o r  n i t r i l e  com pounds .  
N i t r o g e n  d i o x i d e  (N02 ) ,  n i t r o u s  o x i d e  (N2 0 )  and  n i t r i c  o x i d e  (NO) 
w e re  i n j e c t e d  i n t o  b o t h  t h e  c e n t e r  a n d  c o o l a n t  s t r e a m s .  I n  g e n e r a l ,  
t h e  s p e c t r a  o b t a i n e d  f ro m  i n j e c t i o n  i n t o  t h e  c e n t e r  s t r e a m  was a b o u t  
3 t i m e s  a s  i n t e n s e  a s  t h e  s p e c t r a  o b t a i n e d  f r o m  i n j e c t i o n  i n t o  t h e  
c o o l a n t  s t r e a m .  The o n l y  b a n d s  o b t a i n e d  w e r e  w eak  NO b a n d s  l o c a t e d  
a t  2 1 5 0 ,  2 2 6 3 ,  2 3 6 3 ,  2 ^ 7 1 ,  2 5 5 9 ,  2 5 8 8 ,  2 7 1 3 ,  2855 and  2888&. T h e s e  
w e re  f o u n d  t o  be c o i n c i d e n t  w i t h  b a n d s  o f  t h e  NO y - b a n d  s y s t e m .  I t  
was f o u n d  t h a t  a n  e q u i v a l e n t  vo lum e o f  a i r  w o u ld  p r o d u c e  s t r o n g e r  NO 
b a n d s .  The n i t r o g e n  o x i d e s ,  a s  w e l l  a s  t h e  n i t r o  com pounds ,  g ave  a. 
l a r g e  c o n t i n u u m  w h i c h  was i n  i t s e l f  c o n c e n t r a t i o n  d e p e n d e n t .  I t  was 
n o t e d  t h a t  a t  h i g h  c o n c e n t r a t i o n s  CN b a n d s  w e r e  d e t e c t e d .  The o r i ­
g i n  o f  t h e  c a r b o n  was  n o t  d e t e r m i n e d  i n  t h e  c a s e  o f  t h e  n i t r o g e n  o x ­
i d e s .
( 5 ) H a l o g e n  Compounds
B r o m i n e ,  c h l o r i n e  and  i o d i n e  w e r e  i n t r o d u c e d  i n ­
to  t h e  p l a s m a  t o r c h  and  t h e i r  s p e c t r a  r e c o r d e d .  The s p e c t r u m  o b ­
t a i n e d  f r o m  a n h y d r o u s  c h l o r i n e  a s  s e e n  i n  F i g u r e  1 6 ,  c o n s i s t e d  o f  
s e v e r a l  c h l o r i n e  c o n c e n t r a t i o n  d e p e n d e n t  a t o m i c  s i l i c o n  l i n e s  and  
a  c o n t i n u u m  a t  a p p r o x i m a t e l y  2 5 8 0 S ( ^ l ) .  The s i l i c o n  l i n e s  w e re  c o n ­
c e n t r a t i o n  d e p e n d e n t  o v e r  a  w id e  r a n g e  o f  c o n c e n t r a t i o n s  w h i l e  t h e  
c o n t i n u u m  a t  2 5 8 0 S  showed a  l a r g e  s e n s i t i v i t y  a t  v e r y  low c o n c e n t r a ­
t i o n s  and  l i t t l e  d e p e n d e n c e  a t  h i g h e r  c o n c e n t r a t i o n s .  T h i s  c o n t i n u u m  
a p p e a r e d  t o  t e n d  to w a r d  s e l f  r e v e r s a l  a t  h i g h  c o n c e n t r a t i o n s .  No
2000250030004500 3500
o
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a t o m i c  l i n e s  o r  o t h e r  c h l o r i n e  r e l a t e d  bands  w e re  f o u n d .  These  p eak s  
a r e  l i s t e d  i n  T a b l e  V I I I .  Bromine gave a  s i m i l a r l y  s h a p e d  c o n t in u u m  
a t  l o n g e r  w a v e l e n g t h s  ( 29 l ^ $ )  ( 5 7 ) -  o n l y  s i l i c o n  l i n e s  o b s e r v ­
a b l e  w ere  t h e  m os t  p e r s i s t e n t  l i n e s  a t  2516 and  2882$.  These  two 
l i n e s  w ere  v e r y  c o n c e n t r a t i o n  d e p e n d e n t  w h i l e  t h e  c o n t in u u m  was c o n ­
c e n t r a t i o n  d e p e n d e n t  o n l y  a t  v e r y  low c o n c e n t r a t i o n s .  T h i s  b e h a v i o r  
was q u i t e  s i m i l a r  t o  t h a t  f o u n d  w i t h  c h l o r i n e .
I n  c o n t r a s t  t o  t h e  b e h a v i o r  o f  b romine  and c h l o ­
r i n e ,  i o d i n e  gave  a  s i n g l e  s t r o n g  a t o m i c  l i n e  a t  2062$ and a  v e r y  
weak c o n t in u u m  n e a r  31+20$. Hydrogen  b rom ide  gave a s p e c t r u m  s i m i l a r  
t o  t h a t  o f  b rom ine  w h ic h  i s  shown i n  F i g u r e  1 7  w i t h  t h e  a d d i t i o n  o f  
s t r o n g  h y d r o g e n  l i n e s  a t  I+3 I+O and  ^-861$. The m a jo r  p e a k s  ar.e l i s t ­
ed  i n  T ab le  IX. H ydrogen  c h l o r i d e ,  h o w e v e r ,  gave  o n l y  weak h y d r o g e n  
l i n e s  and  no d e t e c t a b l e  c h l o r i n e  c o n t in u u m .  Aqueous  s o l u t i o n s  o f  
h y d r o g e n  c h l o r i d e  ( h y d r o c h l o r i c  a c i d )  gave  a s p e c t r u m  s i m i l a r  t o  
h y d r o g e n  c h l o r i d e  e x c e p t  f o r  t h e  a p p e a r a n c e  o f  a  s h a l l o w  c o n t in u u m  
c e n t e r e d  a t  a b o u t  3 7 00$ .  S e v e r a l  o r g a n i c  h a l o g e n  compounds w ere  
r u n .  None o f  t h e  o r g a n i c  compounds gave t h e  h a l o g e n  c o n t in u u m .
Some o f  t h e  c h l o r i n e  compounds gave  a t o m i c  s i l i c o n  l i n e s  w h ich  w ere  
c o n c e n t r a t i o n  d e p e n d e n t .
( 6 )  S u l f u r  Compounds
C a rb o n  d i s u l f i d e ,  n - b u t y l  s u l f i d e ,  t h i o p h e n e  and  
s e v e r a l  compounds c o n t a i n i n g  S and  P w ere  s t u d i e d .  A l l  o f  t h e s e  com­
pounds  gave a  s e r i e s  o f  bands  i n  t h e  r e g i o n  2500-2700$  (1+0). (A t y p ­
i c a l  s p e c t r u m  o f  t h e  CS band s y s t e m  i s  shown i n  F i g u r e  1 8 . )  The most  
i n t e n s e  band was l o c a t e d  a t  2576$ .  The m a jo r  band h e a d s  a r e  l i s t e d  
i n  T a b l e  X. Under t h e  e x p e r i m e n t a l  c o n d i t i o n s  t h i s  band was c l o s e
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MAJOR PEAKS
TABLE V I I I  
FOUND IN THE SPECTRUM OF CHLORINE'S
W ave leng th W a v e le n g th O r i g i n
(F ound) ( L i t . )
(X) (X)
2210 2 2 1 0 . 9  ( 2 7 ) S i
2217 2 2 1 6 .6  " S i
2435 2 4 3 5 . 2  " S i
2507 2 5 0 6 . 9  " S i
2515 2 5 1 4 . 3  " S i
2 5 1 6 . 1  " S i
2524 2 4 2 4 .1  " S i
2528 2 5 28 .5  " S i
2576 2570  ( 41 ) C ig  0  ^ Cig  *
2880 2 8 8 1 . 6  ( 2 7 ) S i
* Continuum
t  L i n e s  o r i g i n a t i n g  f rom a r g o n  n o t  t a b u l a t e d .
5000 4500 4000 3500 3000 2500
o
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TABLE IX
MAJOR PEAKS FOUND IN THE SPECTRUM OF HYDROGEN BROMIDEt
W a v e l e n g t h  
( F o u n d )
( £ )
W a v e l e n g t h
( L i t . )
O r i g i n
2515 2 5 1 6 . 1  ( 2 7 ) S i
2530 2 5 2 8 . 5  " S i
2881 2 8 8 1 . 6  " S i
2914 2 9 1 4 . 2  ( 3 7 ) B r2
( 2 6 7 0 - 2 9 5 0 ) ( 2 6 7 0 - 2 9 5 0 )*
3336 ?
4110 ?
4540 4 3 4 9 . 5  ( 2 4 ) H
4701 4 7 0 4 . 9  ( 2 3 ) Br ?
4785 4 7 8 5 . 5 Br ?
4861 4 8 6 1 . 3  ( 2 4 ) H
* Band s y s t e m  w i t h  a p p r o x i m a t e l y  I 7O ban d  h e a d s ,  
t  L i n e s  o r i g i n a t i n g  f r o m  a r g o n  n o t  t a b u l a t e d .
I
2700
i
2600
___L_
2500
o
W a v e l e n g t h ,  A 
F i g u r e  18
S p e c t ru m  o f  CS Bands f rom  C arbon  D i s u l f i d e
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TABLE X
MAJOR PEAKS FOUND IN THE SPECTRA OF COMPOUNDS CONTAINING C-S BONDS*
W a v e le n g th  
(F o u n d )
(X)
W a v e le n g t h  
( L i t . )  (^0 )
(X)
O r i g i n
2509 2 5 0 7 . 3 CS
2522 2 5 2 3 . 2 CS
2559 2 5 3 8 . 7 CS
2555 2 5 5 5 . 8 CS
2576 2 5 7 5 . 6 CS
2 5 9 2 2 5 8 9 . 6 CS
2606 2 6 0 5 . 9 CS
2622 2 6 2 1 . 6 CS ?
2663 2 6 6 2 . 6 CS
2679 2 6 7 7 . 0 CS
2693 2 6 9 3 . 2 CS
2709 2 7 0 8 . 9 CS
2 7 2 7 2 7 2 6 . 9 CS
* L i n e s  o r i g i n a t i n g  f ro m  a r g o n  and C2 , CN and  OH b ands  n o t  t a b u l a t e d .
56
t o  1 / 5  a s  s e n s i t i v e  a s  t h e  5885X CN band and a b o u t  e q u a l  i n  s e n s i ­
t i v i t y  t o  t h e  5165 C2 b and .  I n  g e n e r a l ,  a s  th e  number o f  c a rb o n s  
i n c r e a s e d  th e  s e n s i t i v i t y  o f  t h e  CS band became l e s s  when compared  
t o  th e  s e n s i t i v i t y  o f  t h e  C2 (5-1-65^) o r  CN ( 3883$ )  b a n d s .  S u l f u r  
d i o x i d e  and DMSO, on th e  o t h e r  h a n d ,  gave s p e c t r a  c h a r a c t e r i s t i c  o f  
SO bands  (k-6). The s p e c t r u m  o f  s u l f u r  d i o x i d e  i s  g i v e n  i n  F i g u r e  
1 9 .  Th i s  s e r i e s  was made up o f  more t h a n  30 bands  o v e r  a c o n t inuum  
e x t e n d i n g  f rom 210oX t o  o v e r  kOOoX. The m a jo r  bands  a r e  l i s t e d  i n  
T a b le  X I .  The r e g i o n  be tw ee n  ^000 and ^ 500$  c o n t a i n e d  s e v e r a l  v e r y  
s t r o n g  a rg o n  l i n e s  and  th u s  was n o t  u s a b l e  f o r  w a v e l e n g t h  a s s i g n ­
ments o f  band h e a d s .
( 7 ) Oxygen Compounds
M e th a n o l ,  e t h a n o l ,  b u t a n o l ,  a c e t o n e ,  m e thy l  
e t h y l  k e t o n e ,  n - b u t y r a l d e h y d e , e t h y l  a c e t a t e  and e t h y l  b e n z o a t e  were  
f e d  i n t o  t h e  p la sm a  i n  b o t h  t h e  c e n t e r  and c o o l a n t  s t r e a m s .  The 
s p e c t r a  o b t a i n e d  f rom th e  p la sm a  d i s c h a r g e  i n  a l l  c a s e s  c o n t a i n e d  
th e  same C2 and CN bands  found  i n  t h e  c a s e  o f  h y d r o c a r b o n s . The OH 
band was found i n  a l l  c a s e s  and was q u i t e  p ro m i n e n t  and c o n c e n t r a t i o n  
d e p e n d e n t .  The i n t e n s i t i e s  o f  t h e  C2 bands  w ere  found t o  be l e s s  
t h a n  i n  t h e  c a s e  o f  h y d r o c a r b o n s  o f  a  s i m i l a r  number o f  c a r b o n s .  The 
i n t e n s i t i e s  o f  t h e  CN bands  w ere  o n ly  s l i g h t l y  r e d u c e d  compared t o  
th e  h y d r o c a r b o n  s p e c t r a . .  The a r g o n  s p e c t r a  a p p e a r e d  t o  be unchanged  
by sample i n t r o d u c t i o n .  No o t h e r  bands  o r  l i n e s  o t h e r  t h a n  c a r b o n  
were  fo u n d .  Of p a r t i c u l a r  i n t e r e s t  was t h e  a b s e n c e  o f  02 
and CO b a n d s .
(8 )  P h o s p h o ru s  Compounds
T rim ethyl p h o sp h a te , t r i e t h y l  p h osp h ate ,
4500 4000 3500 3000 2500 2000
o
W av e len g th ,  A
F i g u r e  19 
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TABLE XX
MAJOR PEAKS FOUND IN THE SPECTRUM OF SULFUR DIOXIDE*
W aveleng th  
(Found)
W ave leng th  
( L i t . )  (*46)
O r i g i n W ave leng th  
(Found)
W ave leng th  
( L i t . )
O r i g i n
(X) (S) (X) (X)
2255 SO ? 2879 2 8 7 7 . 7 SO
2282 SO ? 2890 SO ?
2512 SO ? 291*4 2 9 1 5 . b SO
23bk SO ? 2968 2 9 6 8 .5 SO
237^ SO ? 3061 306*4-. 1 SO
2*410 SO ? 3165 316*4- .1 SO
2*4*41 2*4*42.0 SO 3270 327 I . O SO
2*473 2*477-7 SO 3382 3383 .1 SO
2510 25 l 0 .i|- SO 3*430 3*428 .1 SO
25*48 25 W . 6 s o 3502 3 5 0 2 . 1 SO
2581 2 5 8 1 . 1 s o 3550 3 5 ^ 8 .7 SO
2621 2 6 2 2 . 2 so 3631 3 6 2 8 . 2 SO ?
266*4 266 i+. 8 s o 3676 3 6 7 6 . 2 SO
2 699 2 6 9 9 . 1 s o 3725 372*4.7 SO
27*4-2 27*4*4 .0 s o 3760 3761 .6 SO
2781 2 7 79 .8 so 3810 3811 .8 SO
2790 2791 .3 s o 3863 3 8 6 2 . 7 SO
2828 2827.*4 s o 39*+2 39*4-1 . 6 s o
* L in es o r ig in a t in g  from argon n o t ta b u la te d .
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t r i - n - b u t y l  p h o s p h a t e ,  t r i t o l y l  p h o s p h a t e ,  d i i s o p r o p y l  t h i o p h o s p h a t e , 
p h o s p h o r i c  a c i d  a n d  p h o s p h o r i c  o x y c h l o r i d e  w e r e  i n t r o d u c e d  i n t o  t h e  
p l a s m a  d i s c h a r g e .  The s a m p l e s  w e r e  i n t r o d u c e d  i n t o  t h e  c e n t e r  and  
c o o l a n t  s t r e a m s  and  t a i l  f l a m e  r e g i o n  v i a  t h e  s i d e  a rm a s  v a p o r s  
c a r r i e d  by a r g o n  o r  o t h e r  s i m p l e  g a s e s .  P h o s p h o r i c  a c i d  and  s e v e r a l  
o t h e r  compounds  w e r e  a l s o  s p r a y e d  o r  a t o m i z e d  i n t o  t h e  t a i l  f l a m e  
a n d  s e c o n d a r y  r e g i o n s  v i a  t h e  s i d e  a rm .  A l l  p h o s p h o r u s  c o n t a i n i n g  
compounds  i n v e s t i g a t e d  g a v e  p h o s p h o r u s  e m i s s i o n  l i n e s  a t  2137 , 2 1 5 0 , 
2555 anc* 2 5 5 ^  ( 2 6 ) .  The l a t t e r  two l i n e s  e a c h  a p p e a r e d  t o  be two 
o r  more u n r e s o l v e d  l i n e s .  F i g u r e  20 shows t h e  s p e c t r u m  o f  t r i m e t h y l  
p h o s p h a t e .  A l l  compounds w h i c h  c o n t a i n e d  P - 0  bo n d s  g ave  b a n d s  c o i n ­
c i d e n t  w i t h  t h e  P0 [3-band s y s t e m  (1+5 )•  The m o s t  p r o m i n e n t  b a n d s  w e re  
l o c a t e d  a t  J21+5 a n d 3271^* The l o w e r  m o l e c u l a r  w e i g h t  compounds a l s o  
g a v e  w e a k e r  b a n d s  a t  s h o r t e r  w a v e l e n g t h s  w h ic h  w e r e  c o i n c i d e n t  w i t h  
t h e  P0 y - b a n d  s y s t e m  a s  shown i n  F i g u r e  2 1 .  The m os t  p r o m i n e n t  band  
i n  t h i s  r e g i o n  was  l o c a t e d  a t  2 5 I+0 S .  C o m p a r i s o n  o f  t h e  m o s t  p r o m i ­
n e n t  b a n d s  i n  t h e  3 -  a n d  y - b a n d  s y s t e m s  i n d i c a t e d  t h a t  t h e  s m a l l e s t  
r a t i o  o b t a i n e d  was  f o r  p h o s p h o r i c  a c i d  a n d  p h o s p h o r u s  o x y c h l o r i d e  
w h e r e  t h e  (3 :y  r a t i o  was  f o u n d  t o  be  a p p r o x i m a t e l y  1 0 : 1  and  a s  t h e  
m o l e c u l a r  w e i g h t ,  (number  o f  c a r b o n s )  i n c r e a s e d  t h i s  r a t i o  a l s o  i n ­
c r e a s e d .  T a b l e  X I I  g i v e s  t h e  e x p e r i m e n t a l  and  l i t e r a t u r e  w a v e l e n g t h s  
o f  t h e  v a r i o u s  l i n e s  a n d  b a n d s  f o u n d .
The P0 b a n d  s y s t e m s  and  p h o s p h o r u s  l i n e s  w e re  
a l l  power  s e n s i t i v e .  The P0 |3 -band s y s t e m  g ave  maximum i n t e n s i t i e s  
i n  t h e  t a i l  f l a m e  a t  r a d i o - f r e q u e n c y  power  l e v e l s  o f  0 . 9 0 - 0 . 9 5  kVA. 
The P0 y - b a n d  s y s t e m s  g a v e  maximum i n t e n s i t i e s  i n  t h e  t a i l  f l a m e  a t  
power  l e v e l s  o f  0 . 9 5 " ! * 0 5  kVA. T h i s  i s  i l l u s t r a t e d  i n  F i g u r e  2 2 .
I I t  I I I I  I J&J \Ji
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TABLE X II
MAJOR PEAKS FOUND IN THE SPECTRUM OF TRIMETHYL PHOSPHATE*
W a v e le n g th W a v e le n g th O r i g i n W a v e le n g th W a v e le n g th O r i g i n
(F o u n d ) ( L i t . ) (F o u n d ) ( L i t . )
(X) («■> (X) (X)
2137 2136.8 (26) P 2636 2636.3 (1*5) PO Y
2150 2IU9.8 " P 26U9 PO ?
2295 229U.9 (^5 ) PO y 266U 2662.9 (^5) PO Y
2375 2375.2  " PO y 2678 2676.7 " PO Y
2380 2379.9 " PO Y 2689 2690.8 " PO y
2396 2396.3 " PO Y 2706 2705.I " PO Y
2U65 2U6U.2 " PO Y 32U5 32U6.2 " PO 3
2520 2518.7  " PO Y 325U 3255.3 " PO p
2529 2529.^ " PO y 3267 ?
2536 253^.0 (26) P 3270 3270.5 (U5) PO p
2535-6 " P
2536. U " P 3275 9
25UO.il- (U5) PO Y
255^ 2553.3 (26) P 3280 9
255^.0  " P 3286 9
255^.9  " P
2555.0 (U5) PO Y 3290 ?
2383 PO ? 3296 ?
2596 2596.7  (^5 ) PO Y 3302 3302.8 (U5) PO 3
2608 2608.0 " PO Y 3311 3311.8  " PO 3
2619 2620.5 " PO Y 3329 3379.8  " PO 3
* L in es  o r ig in a t in g  from argon  n ot ta b u la te d .
62
2500 2000
W a v e l e n g t h ,  A
F i g u r e  21
S p e c t ru m  o f  PO Y -S y s te m  Bands and  P h o s p h o ru s  L i n e s
R
el
at
iv
e 
In
te
n
si
ty
63
10
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Rf Power,  kVA 
F i g u r e  22
E f f e c t  o f  Rf Power on E m is s i o n  I n t e n s i t y  f o r  T r im e t l iy l  P h o s p h a te
Gh
The i n t e n s i t i e s  o f  th e  p h o spho rus  l i n e s  t e nded  t o  i n c r e a s e  w i t h  i n ­
c r e a s i n g  r f  power i n  a l l  r e g i o n s  o f  th e  p la sm a .  The r e s p o n s e  o f  the  
PO band sys tem s  t o  power i n  t h e  c o r e  and s e c o n d a ry  r e g i o n  were  l e s s  
s e n s i t i v e  a l t h o u g h  s i m i l a r .  The maximum i n t e n s i t i e s  from t h e s e  r e ­
g io n s  o f  t h e  p la sm a  d i s c h a r g e  were  o b t a i n e d  o ver  a  w i d e r  r a n g e  of  
power l e v e l s ,  O .9 O - I . 2 5 . The v a r i a t i o n  o f  i n t e n s i t y  o f  s e v e r a l  peaks  
w i t h  h e i g h t  i n  th e  p la sm a a r e  g iv e n  i n  F i g u r e  23.
I n t r o d u c t i o n  of  n i t r o g e n  o r  a i r  i n t o  t h e  p lasma 
d i s c h a r g e  a t  c o n c e n t r a t i o n s  o f  c a .  0 . 0 0 1  $ c a u s e d  co m p le te  l o s s  o f  
b o th  t h e  PO 3- and y - s y s t e r n s .  At low er  c o n c e n t r a t i o n s  o f  added gas 
t h e  PO P - s y s t e m  was r e d u c e d  i n  i n t e n s i t y .  The phosphorus  l i n e s ,  how­
e v e r ,  were  n o t  r e d u c e d  i n  i n t e n s i t y  u n t i l  h i g h e r  c o n c e n t r a t i o n s  were 
r e a c h e d  and were  n o t  l o s t  c o m p l e t e l y  even  when a i r  o r  n i t r o g e n  was 
used  f o r  the  c o o l a n t  b u t  th e y  were  r e d u c e d  i n  i n t e n s i t y  more r a p i d l y  
th a n  th e  most i n t e n s e  a r g o n  l i n e s .
I n t r o d u c t i o n  o f  h e l i u m  a t  low c o n c e n t r a t i o n s  
cau s ed  an i n i t i a l  i n c r e a s e  i n  th e  i n t e n s i t i e s  o f  th e  PO 3-ba.nd sys tem  
and th e  a to m ic  p h o sphorus  l i n e s .  I n c r e a s i n g  t h e  c o n c e n t r a t i o n  of  
h e l iu m  c a u s e d  t h e  PO @-band sy s t e m  t o  d e c r e a s e  i n  i n t e n s i t y  r a p i d l y .  
At c o n c e n t r a t i o n s  above c a .  0 . 5 $  th e  i n t e n s i t i e s  o f  the  phosphorus  
l i n e s  began  t o  d i m i n i s h .
The p o i n t  o f  sample i n t r o d u c t i o n  had  no e f f e c t  
on th e  bands  and l i n e s  found  i n  t h e  v a r i o u s  r e g i o n s  o f  th e  p lasma 
and a s m a l l  e f f e c t  on t h e i r  i n t e n s i t i e s .  In  g e n e r a l ,  i n j e c t i o n  i n t o  
t h e  c o r e  f a v o r e d  th e  a to m ic  phosphorus  l i n e s  a t  th e  expense  o f  the  
PO bands  w h i l e  i n j e c t i o n  i n t o  th e  t a i l  f lame f a v o r e d  the  band sys tems  
a t  the  expense  o f  the  a to m ic  phospho rus  l i n e s .  The r e s u l t s  o b t a i n e d
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f o r  s e l e c t e d  l i n e s  a n d  b a n d s  a r e  g i v e n  i n  T a b l e  X I I I .
I n t r o d u c t i o n  o f  h y d r o c a r b o n  e i t h e r  i n  t h e  f o rm  o f  
m e t h a n e ,  e t h a n e  o r  h y d r o c a r b o n  v a p o r  c a u s e d  f i r s t  l o s s  o f  t h e  PO y -  
band s y s t e m  and  a t  h i g h e r  c o n c e n t r a t i o n s  l o s s  o f  t h e  PO (3-band s y s t e m .  
The i n t e n s i t i e s  o f  t h e  p h o s p h o r u s  l i n e s  w e r e  e f f e c t e d  o n l y  s l i g h t l y  
a t  v e r y  low c o n c e n t r a t i o n s  o f  h y d r o c a r b o n  v a p o r  b u t  i n c r e a s e d  s l i g h t ­
l y  w i t h  i n c r e a s i n g  h y d r o c a r b o n  c o n c e n t r a t i o n .  H o w e v e r ,  a t  h i g h e r  c o n ­
c e n t r a t i o n s  w hen  t h e  Swan C2 band  s y s t e m  became p r o m i n e n t  t h e  p h o s ­
p h o r u s  l i n e s  b e g a n  t o  d e c r e a s e  i n  i n t e n s i t y .  The r a t i o  o f  i n t e n s i ­
t i e s  o f  t h e  PO (3- : PO y - s y s t e m  i n c r e a s e d  a s  t h e  number  o f  c a r b o n s  i n  
t h e  m o l e c u l e  i n c r e a s e d .  T h i s  i n c r e a s e  was  a c c o m p a n i e d  by a  d e c r e a s e  
i n  t h e  i n t e n s i t y  o f  t h e  PO y - b a n d s  and  a n  i n c r e a s e  i n  t h e  i n t e n s i t i e s  
o f  t h e  p h o s p h o r u s  l i n e s .  F o r  e x a m p l e ,  t h e  maximum i n t e n s i t y  o f  t h e  
PO (3 - sy s tem  f o r  TMP was  10  w h i l e  t h e  PO y - s y s t e m  was  0 . 9 5  a n ^ t h e  
maximum a t o m i c  p h o s p h o r u s  l i n e  was  l e s s  t h a n  0 . 0 1 .  F o r  TBP t h e  i n ­
t e n s i t y  o f  t h e  21^9-S P l i n e  was  1 0 ,  t h e  P0 (3-s y s t e m  was 6 . 5  and  t h e  
P0 y - s y s t e m  was  l e s s  t h a n  0 . 0 1 .  The  c a l i b r a t i o n  c u r v e s  o b t a i n e d  f o r  
t r i m e t h y l  p h o s p h a t e  a r e  shown i n  F i g u r e s  2b  a n d  2 5 .
1 (9 ) Ammonia
Ammonia was  s t u d i e d  e x t e n s i v e l y  ,in t h e  plasma. .
' The m a in  f a c t o r s  s t u d i e d  w e r e  t h e  e f f e c t s  o f  t h e  c o m p o s i t i o n  o f  t h e
i
p l a s m a  on t h e  e m i s s i o n  s p e c t r u m .  Ammonia, was  i n t r o d u c e d  i n t o  b o t h  
t h e  c o o l a n t  a n d  c e n t e r  s t r e a m s  o f  t h e  p l a s m a .  The s p e c t r a  o b t a i n e d  
f o r  t h e s e  two p o s i t i o n s  o f  i n j e c t i o n  w e r e  q u i t e  s i m i l a r  i n  a l l  e x p e r -
i
I i m e n t s  e x c e p t  t h o s e  w h e r e  a n h y d r o u s  ammonia was  i n t r o d u c e d  i n t o  an
a l l  a r g o n  p l a s m a .  The s p e c t r u m  o b t a i n e d  f o r  a n h y d r o u s  ammonia i n t r o ­
d u c e d  i n t o  t h e  c e n t e r  s t r e a m  a p p e a r e d  q u i t e  s i m i l a r  t o  a  s p e c t r u m
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TABLE X III
EFFECT ON EMISSION PEAK INTENSITY OF POINT OF SAMPLE INTRODUCTION 
AND CARRIER GAS IN THE SPECTRUM OF TRIMETHYL PHOSPHATE
C a r r i e r  P o i n t  o f  I n t e n s i t y  o f  S i g n a l s
G as t  sam ple  __________________________________________________
( 0 . 2  1 /m in )  i n j e c t i o n  2l 50& 2464# 2536& 3089& 32^ 5^  3383X 4201&
(P) (PO) (p ) (OH) (PO) (ON) (Ar
Argon B la n k 0 0 0 0 0 0 7 . 1
C e n t e r 0 . 5 0 . 1 0 . 6 0 0 . 8 0 7 . 0
C o o l a n t 0 . 4 0 . 6 0 . 5 3-5 5 . 6 0 7 . 1
T a i l  Flame 0 . 3 1 . 0 0 . 5 8 . 5 8 . 5 0 7 . 0
H e l iu m B la n k 0 0 0 5 - 2 0 0 6 . 6
C e n t e r 0 . 6 0 . 1 0 . 7 0 . 7 0 . 9 0 . 1 6 . 6
C o o l a n t 0 . 3 0 . 3 o A 3 - 2 1 . 3 0 . 1 6 . 7
T a i l  Flame 0 . 1 0 . 5 0 . 1 8 . 0 3 . 9 0 6 . 6
N i t r o g e n B la n k 0 0 0 0 0 5 . 0 6 . 8
C e n t e r o A 0 0 . 5 0 0 . 3 5 . 2 6 . 7
C o o l a n t 0 . 3 0 0 . 4 0 4 . 5 4 . 9 6 . 9
T a i l  Flame 0 . 3 0 0 . 4 0 0 . 1 5 . 0 6 . 8
Oxygen B la n k 0 0 0 0 . 3 0 0 7 . 2
C e n t e r 0 . 1 0 0 . 1 0 . 7 0 . 1 0 7 . 1
C o o l a n t 0 0 0 . 1 0 . 6 0 . 2 0 7 . 2
T a i l  Flame 0 . 1 0 0 . 1 1 . 7 0 . 2 0 7-0
A i r B la n k 0 0 0 0 . 1 0 0 6 . 6
C e n t e r 0 . 2 0 0 . 2 0 . 1 0 . 1 0 6 . 5
C o o l a n t 0 . 2 0 0 . 1 0 . 1 0 . 1 0 6 . 6
T a i l  Flame 0 . 1 0 0 . 1 0 . 1 0 . 1 0 . 1 6 . 6
$ 15  H g / s ^ c .  t r i m e t h y l  p h o s p h a t e
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o b t a i n e d  f rom n i t r o g e n  w i t h  added h y d ro g e n  l i n e s  a t  k3h0 and k86l& .
The s p e c t r u m  o b t a i n e d  when ammonia was i n t r o d u c e d  i n t o  t h e  c o o l a n t  
s t r e a m  a t  low power l e v e l s  r e s e m b l e d  a s p e c t r u m  o f  t h e  p la sm a  c o n ­
t a i n i n g  s m a l l  q u a n t i t i e s  o f  n i t r o g e n  e x c e p t  i n  t h e  r e g i o n  3 3 ^ 0 -3^ 00$ ,  
I n  t h i s  r e g i o n  t h e r e  w ere  two s t r o n g  s h a r p  l i n e - l i k e  e m i s s i o n s  a t  
3360  and 3370^  and on e i t h e r  s i d e  o f  t h e s e  a l m o s t  l i n e - l i k e ,  c l o s e l y  
s p a c e d  e m i s s i o n s .  T h i s  s p e c t r u m  i s  shown i n  F i g u r e  26.
A d d i t i o n  o f  s m a l l  q u a n t i t i e s  o f  n i t r o g e n  had  
l i t t l e  e f f e c t  on t h e  s p e c t r u m  o b t a i n e d .  As t h e  c o n c e n t r a t i o n  o f  n i ­
t r o g e n  a p p r o a c h e d  t h e  c o n c e n t r a t i o n  o f  ammonia,  how eve r ,  th e  s p e c t r u m  
changed  somewhat.  The 3371^ N2 band was s u p e r im p o s e d  on t h e  Nil b a n d s .  
Due t o  i n s t r u m e n t a l . r e s o l u t i o n  th e  3370^ Nil band and t h e  3 3 7 ^  N2 
band added  and t h e  a p p e a r a n c e  o f  th e  s p e c t r u m  became q u i t e  s t r a n g e .  
Th i s  s p e c t r u m  i s  shown i n  F i g u r e  2 7 . A d d i t i o n  o f  oxygen  to  t h e  p l a s ­
ma c a u s e d  a  c o n c e n t r a t i o n  d e p e n d e n t  d e c r e a s e  i n  b o t h  t h e  3360  and 
3370$ NH bands  and a  v e r y  s e n s i t i v e  i n c r e a s e  i n  t h e  OH band i n t e n s i ­
t i e s .  S t o i c h i o m e t r i c  a d d i t i o n  o f  oxygen  gave an  OH band  i n t e n s i t y  
o f  a p p r o x i m a t e l y  3 t i m e s  t h e  i n t e n s i t y  o f  t h e  ^ 2 0 l S  a r g o n  l i n e .  T h i s  
s p e c t r u m  i s  shown i n  F i g u r e  28 .
A d d i t i o n  o f  a i r ,  a s  i n  t h e  p a s t ,  gave a  h y d r i d  
e f f e c t  be tw een  oxygen  and n i t r o g e n .  The i n t e n s i t y  o f  t h e  3370-3371& 
e m i s s i o n  band was a p p r o x i m a t e l y  80 ,^ t h a t  found  when n i t r o g e n  was a d d ­
ed a s  shown i n  T a b le  XIV, h o w ev e r ,  t h e  20^ oxygen gave an OH band 
a p p r o x i m a t e l y  65$  a s  l a r g e  a s  t h e  one found  w i t h  t h e  a d d i t i o n  o f  p u re  
oxygen .  When c o n s i d e r i n g  T ab le  XIV th e  c o n t i n u o u s  b ack g ro u n d  was 
s u b s t r a c t e d  and t h e  h20li£ a r g o n  l i n e  v a r i a t i o n s  w ere  t a k e n  t o  r e f l e c t  
t h e  e f f e c t  o f  t h e  added  g a s e s  on th e  a rg o n  o f  t h e  b a s e  p la sm a  a s  a l l
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TABLE XIV
EFFECT ON EMISSION INTENSITY OF SIMPLE
GASES IN THE !SPECTRUM OF AMMONIA
Sample I n t e n s i t y o f  S i g n a l s
3089^ 3360S 3370& 388 3& U201S k86lX
(OH) (NH) (NH or N2 ) (CN) (Ar) (H)
Blank 0 .1 0 0.5 0 8.0 0 .1
NHS 0.1 6 .6 0 .8 o . k 7-2 0.9
n2 0 2.8 6.0 2.7 7-6 0 .2
n2 +  nh3 0 .2 9 .8 5-2 1.0 7.6 1.1
02 1.0 . 0 0 0 8.2 0
o2 +  nh3 23 0.1 0 .1 0 7.9 1.1
A ir 0.1 0.5 1 .2 0 .3 7-6 0
A ir  + NH3 1 U.8 2.1 3-5 0 7-6 1 .3
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v a l u e s  were n orm al ized  to  the  same in s t r u m e n t a l  parameters  f o r  e a s e  
o f  comparison .
b.  E f f e c t  o f  Number o f  Carbons on S e n s i t i v i t y
A l l  carbon  c o n t a i n i n g  compounds i n v e s t i g a t e d  gave  
bands c h a r a c t e r i s t i c  o f  C2 and CN i n  a l l  r e g i o n s  o f  the spectrum .  I t  
has been s u g g e s t e d  t h a t  th e  CN bands occur  due to  r e a c t i o n  w i t h  n i ­
t r o g e n  which had i t s  o r i g i n  e i t h e r  i n  the argon su pp ort  gas  or o r ­
g a n ic  compound. The p r e s e n c e  o f  C2 ba.nds from compounds c o n t a i n i n g  
o n ly  one carbon such as methane,  carbon t e t r a c h l o r i d e ,  methyl i o d i d e ,  
c h lo r o fo r m ,  carbon monoxide and carbon  d i o x i d e  i n d i c a t e d  t h a t  th e r e  
was to a l i m i t e d  e x t e n t  a t  l e a s t  some C2 produced by r e a c t i o n .  In 
order  to  spread  some l i g h t  on t h i s  problem methane,  e t h a n e ,  and pro­
pane were run under i d e n t i c a l  c o n d i t i o n s .  C y c lo h e x a n e ,  h ex a n e ,  2 -  
m e th y lp e n t a n e , h e p t a n e ,  o c ta n e  and 1 - o c t e n e  were  a l s o  run i n  a second  
s e t  o f  e x p e r i m e n t s .  The i n t e n s i t i e s  o f  C2 and CN bands and the  2^-79^ 
carbon l i n e  are  compared i n  F ig u r e  29« I t  i s  i n t e r e s t i n g  to  n o te  
t h a t  the l o w e s t  n o n - z e r o  r e a d i n g  shown i n  F ig u r e  29 f o r  CN and C2 
bands o f  methane,  e th an e  and propane,  appeared su d d en ly  when a t h r e s ­
h o ld  was r e a c h e d .  For exam p le ,  w i t h  the  in s t r u m e n t  s e t  to i t s  most  
s e n s i t i v e  p o s i t i o n  and t a k i n g  the  n o i s e  l e v e l  as  th e  u n i t  o f  i n t e n ­
s i t y  the l o w e s t  i n t e n s i t y  r e a d i n g  o b t a i n a b l e  f o r  a C2 band in  propane  
was o f  the order  o f  1 0 s  t im es  g r e a t e r  than t h i s  v a l u e .  Thus a t  the  
t h r e s h o ld  p o i n t  a change i n  c o n c e n t r a t i o n  o f  l e s s  than l<f0 produced  
a change i n  i n t e n s i t y  o f  a t  l e a s t  1 0 5 . Th is  t h r e s h o l d  phenomenon 
appeared to  i n d i c a t e  t h a t  the s p e c t r a ,  i . e .  break down, was due to  a 
c o l l i s i o n .  The l e v e l i n g  o f f  o f  the  cu r v e s  a t  h i g h e r  c o n c e n t r a t i o n s  
was due to fo rm a t io n  o f  e l e m e n t a l  carbon in  i n c r e a s i n g  amounts.
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E f f e c t  o f  C o n cen tra tio n  and Number o f  Carbon Atoms on E m ission  I n t e n s i t y
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c .  E f f e c t  o f  S t r u c t u r e  on S e n s i t i v i t y
Buty l  amine,  b u ty l  c h l o r i d e ,  b u t r o n i t r i l e  and b u ty l  
a l c o h o l  were run under s i m i l a r  c o n d i t i o n s  in  the plasma and t h e i r  
s p e c t r a  r ec o rd ed .  The re s p o n se  o f  s e v e r a l  s p e c t r a l  f e a t u r e s  are  
g iv e n  in  Table XV. Cyclohexane d a ta  was a l s o  in c lu d ed  i n  t h i s  t a b l e  
f o r  comparison p u rp oses .
From the t a b l e  i t  i s  apparent  th a t  n i t r o g e n  c o n t a i n ­
ing  compounds gave s t r o n g e r  CN bands than n o n -n i t r o g e n  c o n t a i n i n g  
compounds. However,  the p r e s e n c e  o f  c h l o r i n e  in  the b u ty l  c h l o r i d e  
appeared to suppress  the  C2 bands more than the CN bands as  shown by 
the CN/C2 band i n t e n s i t y  r a t i o .  In the  c a s e  o f  the a l c o h o l  both  the  
C2 and CN bands were d ecre a se d  in  i n t e n s i t y ,  however ,  the r a t i o  o f  
the CN/C2 band i n t e n s i t i e s  was q u i t e  c l o s e  to t h a t  o b ta in e d  fo r  the  
hydrocarbon. I t  i s  i n t e r e s t i n g  to  n o t e ,  a l th o u g h  probably  o f  no s i g ­
n i f i c a n c e ,  t h a t  the sum o f  the i n t e n s i t i e s  f o r  b u ty l  amine,  b u t y r a n i -  
t r i l e  and cyc lo h ex a n e  were ap p rox im ate ly  c o n s t a n t  a t  a c o n s t a n t  molar  
c o n c e n t r a t i o n .
d.  A v a i l a b l e  Methods o f  Energy T rans fer
The b a s i c  plasma i t s e l f  c o n s i s t s  o f  an equal mixture  
o f  p o s i t i v e  argon ion s  ( i o n i z a t i o n  p o t e n t i a l  = I 5 . 6 8 ) and e l e c t r o n s  
and, in  a d d i t i o n ,  a l a r g e  c o n c e n t r a t i o n  o f  e x c i t e d  n e u t r a l  atoms.  
S p e c t r o s c o p i c l y  the energy a v a i l a b l e  from t h e s e  e x c i t e d  n e u t r a l  argon  
atoms was up to  1U.5 e v .  A ls o  a s s o c i a t e d  w i t h  the plasma was a h igh  
thermal tem perature .  The t i p  o f  the secondary  r e g i o n  melted  q u a r t z ,  
v a r i o u s  s t e e l s  and n i c k l e  but n o t  t u n g s t e n .  P l a c i n g  o b j e c t s  i n t o  the  
core  o f  t h i s  equipment a l s o  p la ce d  them in  the f i e l d  o f  the c o i l  and 
m e t a l l i c  o b j e c t s ,  which co u p le  much b e t t e r  than the p lasma, were
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TABLE XV
EFFECT OF SUBSTITUENTS ON EMISSION
Compound Rate o f
Sample
I n j e c t i o n
I n t e n s i t y  o f  S i g n a l s
p-gm/sec 2^78$
(C)
3089&
(OH)
5883)?
(CN)
39L5 R
( A t )
5165^
(c2
n-Buty l  amine ' 7-0 O.lf- 0.1 9-0 0.7 2.7
n -B u ty l  amine 3-5 0 .2 0.1 2.1 0 .7 0.1
n -Propyl cyanide 7-0 0.5 0 .2 9.6 0 .7 2.8
n -B u ty l  c h l o r i d e 8.5 0.1 0.1 3 *^ 0.5 1.0
Cyclohexane CO • \J] 0.2 0.1 6.5 0.6 5-5
n -B u ty l  a l c o h o l 7.0 0.1 0 .2 0.1 0.7 0.1
n -B u ty l  a l c o h o l u . o O . k 0.2 7-9 0.7 5*9
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h e a t e d  d i r e c t l y  by th e  f i e l d s .  I t  i s  o f  p a s s i n g  i n t e r e s t  to  n o t e  
t h a t  t u n g s t e n  p l a c e d  i n  the  c o r e  w i t h i n  th e  c o i l  showed e v i d e n c e  t h a t  
th e  m eta l  had f lo w e d  and was h e a t e d  t o  a w h i t e  c o l o r  a t  power l e v e l s  
o f  th e  o rd er  o f  2 kVA. The p lasm a a l s o  has  been  r e p o r t e d  to  produce  
e l e c t r o n  te m p e r a tu r e s  as h ig h  as  1 6 , 0 0 0  to  2 5 , 0 0 0 °K ( 7 8 ,  5 8 ) ,  h o w ever ,  
t h i s  was o b v i o u s l y  n o t  a t  e q u i l i b r i u m  t e m p e r a t u r e .
The p lasm a produced a l a r g e  q u a n t i t y  o f  l i g h t .  In  
a d d i t i o n  to  t h o s e  argon  l i n e s  e m i t t e d  i n  the  v i s i b l e  and near' u l t r a ­
v i o l e t  r e g i o n s  i t  i s  e x p e c t e d  t h a t  l i n e  s p e c t r a  i s  a l s o  produced i n  
th e  vacuum U.V. s i n c e  t r a n s i t i o n s  from the  m e t a s t a b l e  s t a t e  to  the  
ground s t a t e  ( f i r s t  r e s o n a n c e  a r g o n  l i n e s  1 0 6 7  ai*d 1 0 7 8 8 )  would p ro ­
duce l i n e s  i n  t h e s e  r e g i o n s .  In a d d i t i o n  to  the  a f o r e  m ent ioned  c h a r ­
a c t e r i s t i c s  t h e r e  was f u r t h e r  a s s o c i a t e d  w i t h  th e  plasma b u t  n o t  a c t u ­
a l l y  p a r t  o f  the  p lasma d i s c h a r g e ,  th e  h o t  q u a r t z  c o o l a n t  tube w hich  
c o n t a i n e d  th e  p la sm a .  In t h e  n e ig h b o rh o o d  o f  the  c o r e  and c o i l  the  
t e m p e r a tu r e  o f  th e  c o o l a n t  was p r o b a b ly  o f  th e  o r d e r  o f  700 to  500°C.
The tube d id  n o t  g low s i g n i f i c a n t l y  bu t  m e l t e d  b o r o s i l i c a t e  g l a s s  on
c o n t a c t .
C o n s i d e r i n g  a l l  o f  t h e s e  f e a t u r e s  o f  th e  p lasma d i s ­
c h a r g e  t h e r e  a r e  s e v e r a l  a v a i l a b l e  methods o f  e n e r g y  t r a n s f e r  a v a i l ­
a b l e .  The s i m p l e s t  w ould  be d i r e c t  k i n e t i c  e n e r g y  t r a n s f e r  by c o l l i ­
s i o n ,  t r a n s f e r  o f  g r e a t e r  e n e r g y  by c o l l i s i o n  w i t h  an i o n ,  p o s s i b l e  
e n e r g y  t r a n s f e r  by a b s o r p t i o n  o f  i n f r a r e d  r a d i a t i o n ,  p o s s i b l e  a b s o r p ­
t i o n  o f  h i g h  e n e r g y  r a d i a t i o n  or p h o t o l y s i s ,  d i r e c t  i n t e r a c t i o n  w i t h  
the  r f  f i e l d  or r e a c t i o n  on the  s u r f a c e  o f  th e  q u a r tz  tube which
c o u l d  e a s i l y  be c a t a l y z e d  by the  h o t  t u b e .
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e .  S e n s i t i v i t y  and S e l e c t i v i t y
The s e n s i t i v i t y  f o r  v a r i o u s  e m i s s i o n  l i n e s  and bands  
are  r e p o r t e d  i n  Table  XVI. The d e t e c t i o n  l i m i t  was based on a s i g ­
n a l  t o  n o i s e  r a t i o  o f  1 : 1 .  Three major f a c t o r s  appeared t o  e f f e c t  
the n o i s e  l e v e l ;  f i r s t  the  plasma had a s l i g h t  t endency  to  f l i c k e r  
or w a v er ,  s e c o n d l y  some p o r t i o n  o f  the  a m p l i f i e r - d e t e c t o r  sy s te m  
p ic k e d  up n o i s e  from the r f  g e n e r a t o r  d i r e c t l y ,  and the  t h i r d  e f f e c t  
i s  t h a t  the  sample i n j e c t i o n  sys te m s  d id  n o t  in t r o d u c e  sample a t  an 
a b s o l u t e l y  even  r a t e .
Two d i s t i n c t  problems a r o s e  which e f f e c t e d  s e l e c t i v ­
i t y .  F i r s t ,  and perhaps the s i m p l e s t ,  was an i n c r e a s e  i n  background  
due to  a n o th er  band s y s t e m  or changes  in  t h e  c h a r a c t e r i s t i c s  and 
s e c o n d l y ,  an i n t e r a c t i o n  i n  the  plasma i t s e l f  which  red uced  the i n ­
t e n s i t y  o f  th e  e m i t t e d  bands .  For example t h e r e  was a d e c r e a s e  in  
i n t e n s i t y  o f  the  bands o f  the PO 3 - s y s t e m  w i t h  i n c r e a s i n g  number o f  
carbons  i n  the  compound or i n c r e a s i n g  amount o f  added h ydrocarb on .  
O ften  i t  was d i f f i c u l t  to  s e p a r a t e  t h e s e  two f a c t o r s .
An a t t e m p t  was made t o  c o n s t r u c t  a s e l e c t i v i t y  r a t i o  
f o r  v a r i o u s  bands v e r s u s  an a r b i t r a r y  hydrocarbon  i n  a manner s i m i ­
l a r  to  t h a t  r e p o r t e d  by McCormack e t  a l . ,  however t h i s  d id  n o t  work.  
The f a i l u r e  o f  t h i s  type  o f  t a b u l a t i o n  was p robab ly  due to  an i n a b i l ­
i t y  to  s e p a r a t e  the  two f a c t o r s  mentioned  ab ove .  I t  appears  t h a t  
t h e r e  i s  a g r e a t  d i f f e r e n c e  between the  microwave c a v i t y  d i s c h a r g e  
and the  r f  induced  plasma d i s c h a r g e .  P a r t i c u l a r l y  i t  appears  t h a t  
the r f  plasma. d i s c h a r g e  depends  s t r o n g l y  on both background i n c r e a s e  
and plasma i n t e r a c t i o n  w h i l e  the microwave c a v i t y  d i s c h a r g e  appears  
to be l a r g e l y  dependent  on background i n c r e a s e  o n l y .
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TABLE XVI 
SENSITIVITY OF SELECTED PEAKS
M a te r ia l Compound Wavelength
(X)
Ass ignment D e t e c t i o n  
1 im i t  
u g . / s e c .
Carbon CqHi q 3883 CN 2 -x-+
5165 C 10*
Phosphorus ( c2h5o )3 po 255 -^ P 0 ro
2150 P 0 . 1 *
P-0  Bond ( ch3o )3 po 321+5 PO 0. 1^-
3271 PO 0 . 1
N i t r o g e n n-C4HgNH2 3883 CN 2*
n2 3371 n2 26*
nh3 3360 Nil 35*
Water ii2 o 3089 OH 88*
I o d in e ch3 i 2062 I 10
S u l f u r CS2 2576 CS 12*
s o 2 3165 SO 1 0 0 - 150*
+ in  the p r e s e n c e  o f  n i t r o g e n  
^ e s t im a t e d  
* 1 . 5  kVA power
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f .  Types o f  E m is s i o n
There  w e re  two d i s t i n c t  t y p e s  o f  e m i s s i o n  p ro d u c e d  i n  
t h e  r a d i o - f r e q u e n c y  p l a s m a ,  l i n e  and  band s p e c t r a .  The p r o d u c t i o n  
o f  t h e  f i r s t  r e q u i r e s  c o m p le t e  f r a g m e n t a t i o n  o f  t h e  m o l e c u l e s  to  
atoms and t h i s  p r o c e s s  wa.s f a v o r e d  by h i g h  power l e v e l s  and i n t r o ­
d u c t i o n  o f  t h e  sample  i n t o  t h e  c o r e  o f  t h e  p l a s m a .  The b e s t  l i n e  t o  
b a c k g ro u n d  r a t i o  f o r  atoms was found  to  be 5 t o  7 cm above  t h e  b a s e  
o f  t h e  d i s c h a r g e .  T h i s  t u r n e d  o u t  t o  be i n  t h e  s e c o n d a r y  r e g i o n  j u s t  
beyond th e  c o r e .  A d d i t i o n  o f  w a t e r  t o  t h e  plasma, c a u s e d  t h e  b e s t  
p o s i t i o n  o f  l i n e  t o  b ack g ro u n d  r a t i o  to  move f rom  t h i s  p o s i t i o n  t o ­
ward th e  end o f  t h e  s e c o n d a r y  r e g i o n .
The s econd  ty p e  o f  s p e c t r a  p ro d u c e d  was band s p e c t r a .  
T hese  s p e c t r a  w ere  found  t o  h ave  t h e i r  o r i g i n  f rom  d i a t o m i c  m o l e c u le s  
( r a d i c a l s ) .  Two s o u r c e s  o f  band s p e c t r a  i n  t h e  p la sm a  d i s c h a r g e  were  
fo u n d .  The r a d i c a l s  ( d i a t o m i c  m o l e c u l e s )  c o u l d  be p r o d u c e d  by th e  
f r a g m e n t a t i o n  o f  t h e  sample  m o l e c u l e  o r  c o n v e r s e l y ,  t h e  p a r e n t  mole­
c u l e  c o u l d  f r a g m e n t  t o  atoms w hich  c o u l d  t h e n  r e a c t  to  form r a d i c a l s .  
A n o t h e r  p r o c e s s  f o r  p r o d u c t i o n  o f  t h e  r a d i c a l s  c o u l d  be a t o m - m o l e c u le  
o r  m o l e c u l e - m o l e c u l e  r e a c t i o n s .  Of c o u r s e  a l l  o f  t h e s e  p r o c e s s e s  
c o u l d  be t a k i n g  p l a c e .
Atomic  p h o s p h o r u s ,  c a r b o n  and n i t r o g e n  l i n e s ,  a s  would  
be e x p e c t e d ,  w e re  f a v o r e d  by h i g h  power l e v e l s  and  sample  i n j e c t i o n  
i n t o  t h e  p la sma c o r e ,  t h e  r e g i o n  o f  t h e  p la sma d i s c h a r g e  which  was 
t h e  mos t  e n e r g e t i c .  C2 , C l 2 , B r2 and CS bands  w ere  f a v o r e d  by low 
power and sample i n j e c t i o n  i n t o  t h e  t a i l  f l a m e .  These  r a d i c a l s  a p ­
p e a r e d  to  be p ro d u c e d  m a in ly  i n  t h e  f r a g m e n t a t i o n  o f  th e  m o l e c u l e s .
C2 r a d i c a l s  a l s o  w ere  fo rm ed ,  w i t h  l e s s  e f f i c i e n c y ,  from m o l e c u l e s
t h a t  c o n ta in e d  on ly  one carbon.
g.  F a c to r s  E f f e c t i n g  Em iss ion
CN r a d i c a l s  were e a s i l y  formed from m o lec u le s  c o n t a i n ­
ing  C-N bonds.  However,  CN r a d i c a l s  were a l s o  r e a d i l y  formed from 
the i n t e r a c t i o n  o f  n i t r o g e n  gas w i th  carbon c o n t a i n i n g  m o le c u l e s .  I t  
appeared from the data, on l i g h t  hydrocarbons and o th e r  data  from com­
pounds c o n t a i n i n g  one carbon (CO, CO^, CCI4 , CHC13 ) t h a t  th ere  was a 
p o s s i b i l i t y  o f  weaker r e a c t i o n  between atomic  carbon and n i t r o g e n  in  
the plasma. This l a t t e r  view was upheld by the o b s e r v a t i o n  th a t  c a r ­
bonaceous m a te r i a l  d e p o s i t e d  on quartz  cou ld  be removed r a p i d l y  by 
i n j e c t i n g  n i t r o g e n  i n t o  the plasma (not  as r a p i d l y  as w i th  oxygen)  
w ith  the p r o d u c t io n  o f  CN bands b e in g  n o te d .  The p rod u ct ion  o f  CN 
band s p e c t r a ,  in  g e n e r a l ,  appeared to be q u i t e  complex .  Strong  c a r ­
bon l i n e  e m i s s i o n  was n o t  found in  the p res en ce  o f  s t r o n g  CN band 
e m i s s i o n  a l th ou gh  both  e m is s io n s  were  favored  by h igh  power and, to  
a l e s s e r  e x t e n t ,  i n j e c t i o n  i n t o  the plasma c o r e .
The OH band e m i s s i o n  a l s o  gave a p o s i t i v e  resp on se  
to r a d io - f r e q u e n c y  power,  however the p r o d u c t io n  of  e x c i t e d  OH r a d i ­
c a l s  appeared to  be t i e d  to the p r o d u c t io n  o f  hydrogen l i n e  s p e c t r a .  
The p rod u ct ion  o f  OH band s p e c t r a  was most e f f i c i e n t  from water  and 
o f t e n  a l c o h o l s ,  i . e .  b u t a n o l ,  gave a lm ost  no OH band s p e c t r a .  In 
c o n t r a s t  to t h i s  the a d d i t i o n  o f  oxygen ,  p a r t i c u l a r l y  g r e a t e r  than  
equal molar q u a n t i t i e s ,  to samples c o n t a i n i n g  h yd rogen s ,  i . e .  ammo­
n ia  and hydrocarbons ,  le d  to p rod u ct ion  o f  s t r o n g  OH band s p e c tr a  
and u s u a l l y  s t r o n g  hydrogen l i n e  spectra . .  I n s p e c t i o n  o f  the plasma  
p r o f i l e s  seem to  i n d i c a t e  t h a t  e x c i t e d  OH r a d i c a l s  were produced in  
i n i t i a l  r e a c t i o n s  in  the area  o f  the core  and by a second mechanism
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i n  th e  t a i l  f l a m e .  This  band sys tem  was p a r t i c u l a r l y  quenched by the 
p r e s e n c e  o f  n i t r o g e n  o r  a i r .  This  c ou ld  be e i t h e r  th ro u g h  r e a c t i o n  
to  form NO o r  NH r a d i c a l s  or  due t o  l i f e t i m e  o r  en e rg y  c o n s i d e r a t i o n s .  
The l a t t e r  a p p e a re d  u n l i k e l y  c o n s i d e r i n g  th e  s i m i l a r i t y  be tween  the  
i o n i z a t i o n  p o t e n t i a l s  o f  m o l e c u la r  n i t r o g e n  and a,tomic a r g o n .
The PO band systems appeared to p r e s e n t  an even more 
com plica ted  s i t u a t i o n .  Both the 0-  and y-band systems showed a maxi­
mum a t  approxim ately  1 kVA on a. p l o t  o f  the power v s .  r e s p o n s e .  The 
plasma p r o f i l e  i n d ic a t e d  th a t  the PO band i n t e n s i t y  d ecreased  when 
moving from the core  t o  the t a i l  f lame r e g i o n ,  however the band i n ­
t e n s i t i e s  were almost  c o n s ta n t  from p o in t  to p o in t  in  the t a i l  f lame  
r e g i o n .  The e f f i c i e n c y  o f  producing PO band e m is s io n  was g r e a t e r  
when the sample was introduced  i n t o  the t a i l  f lame and decreased  when 
the sample was in troduced  in to  the c o o l a n t  stream and d ecreased  f u r ­
ther  when the sample was in troduced  i n t o  the plasma, c o r e .  This b e ­
h a v io r  was o p p o s i t e  to  the behavior  observed  for  phosphorus l i n e s .
I n s p e c t i o n  of  the c a l i b r a t i o n  curves  for  the PO (3- 
system bands and the phosphorus l i n e s  and PO y - s y s t e m  bands in d ic a t e d  
th a t  there was a d e f i n i t e  d i f f e r e n c e  in  shape between the band s y s ­
tem curves  and the atomic l i n e  c u r v e s .  A d d i t io n  o f  carbon c o n t a in in g  
compounds or i n c r e a s i n g  number o f  carbons in  phosphorus c o n t a in in g  
compounds caused the i n t e n s i t i e s  o f  the v a r io u s  PO bands to d ecre ase  
and was p a r t i c u l a r l y  e f f e c t i v e  in  quenching the e m is s io n  o f  the PO 
y - s y s t e m .  A dd i t io n  o f  any a u x i l i a r y  gas to the plasma caused de­
c r e a s e s  in  the PO band i n t e n s i t i e s .  I t  was found th a t  s e v e r a l  com­
pounds c o n t a in in g  phosphorus but no P-0 bond gave no PO bands or any 
oth er  phosphorus c o n t a in in g  r a d i c a l  bands,  however a l l  o f  these
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compounds gave a to m ic  phosphorus  l i n e s .
The s i m p l e s t  e x p l a n a t i o n  o f  the  curve  o b t a i n e d  f o r  PO 
bands when i n t e n s i t y  was p l o t t e d  v s .  r a d i o - f r e q u e n c y  power would  be 
t h a t  i n i t i a l l y  i n c r e a s i n g  power i n c r e a s e d  th e  p e r c e n t a g e  o f  m o l e c u l e s  
f r a g m e n te d ,  bu t  a t  some p o i n t  a f u r t h e r  i n c r e a s e  i n  power l e v e l  
ca u s ed  i n c r e a s i n g  f r a g m e n t a t i o n  t o  atoms or r e a c t i o n  b e tw een  some 
atom or r a d i c a l  p rod u ced ,  i . e .  CH or CO, w i t h  PO r a d i c a l s  or th e  o r i g ­
i n a l  compound. The p o s s i b i l i t y  o f  h y d r o g e n ,  carbon  or CO com pet ing  
w i t h  phosphorus  f o r  the  a v a i l a b l e  oxygen  a t t a c h e d  c o u ld  e x p l a i n  the  
d e c r e a s e  i n  th e  i n t e n s i t y  a t  h i g h e r  power l e v e l s .
The phosphorus  l i n e s  re spon ded  as  would  be e x p e c t e d .
An i n c r e a s e  i n  r a d i o - f r e q u e n c y  power c a u s e d  an i n c r e a s e  i n  phosphorus  
l i n e  i n t e n s i t y  w h ic h  w ould  c o r r e s p o n d  to  an i n c r e a s e  i n  th e  tempera­
tu r e  or e n e r g y  d e n s i t y  i n  t h e  p lasma and a c o r r e s p o n d i n g  i n c r e a s e  i n  
th e  number o f  phosphorus  atoms produced i n  f r a g m e n t a t i o n ,
h .  Bands Not Found
S e v e r a l  bands w hich  one w ould  e x p e c t  to  f i n d  were  n o t  
fo u n d .  CH bands w hich  a r e  s o  prominent  i n  hyd rocarb on  f lam e s p e c t r a  
were  n o t  found under any c i r c u m s t a n c e s  from the  plasma d i s c h a r g e .
These  bands were  n o t  found e v e n  when a i r  or oxygen w ere  i n t r o d u c e d  
w i t h  the  h y d r o c a r b o n .  CO o r  C02 bands were  n o t  found from t h i s  
s o u r c e .  The a b s e n c e  o f  t h e s e  bands was n o t  s u r p r i s i n g  as  th e y  are  
u s u a l l y  found i n  low p r e s s u r e  d i s c h a r g e s .  However ,  due to  the  e f f e c t  
o f  added oxygen  or a i r  on the  C2 and CN band s y s te m s  and the carbon  
l i n e  the  e x i s t e n c e  o f  one or b o th  o f  t h e s e  r a d i c a l s  in  the plasma  
must be p o s t u l a t e d .  The a b s e n c e  o f  PS,  CP and NP bands i n  th e  plasma  
d i s c h a r g e  was somewhat s u r p r i s i n g ,  e s p e c i a l l y  the  a b s e n c e  o f  PS bands
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w h ich  h a v e  b e e n  d e t e c t e d  by McCormack i n  an  a r g o n  b a s e d  microwave 
d i s c h a r g e .
No C-Cl or any o t h e r  C -h a lo g e n  bands were  found.  When 
a c h l o r i n a t e d  hydrocarbon was i n i t i a l l y  in t r o d u c e d  i n t o  the  plasma  
the t a i l  f lame and s eco n d a ry  r e g i o n  im m ed ia te ly  turned  b r i g h t  b lue  
which  i s  the c o l o r  one would  e x p e c t  when c h l o r i n a t e d  hydrocarbons  
are  burned ,  however ,  the b l u e  e m i s s i o n  p a s s e d  and was r e i n s t a t e d  o n ly  
by i n t e r r u p t i n g  sample i n j e c t i o n  f o r  up to  two m inu tes  and then  r e i n ­
j e c t i n g  the sample t o  produce  the  same c y c l e .  A c o n c e n t r a t i o n  range  
o f  over  2000 to  1 was s t u d i e d  and i t  was n o t  p o s s i b l e  to  s t a b i l i z e  
the b lu e  e m i s s i o n .
No e m i s s i o n  from l a r g e r  m o l e c u l e s  l i k e . H 2 0 or NH3 or  
l a r g e r  r a d i c a l s  l i k e  HPO or S2 c o u ld  be fou nd .  Even a d d i t i o n  o f  
l a r g e  q u a n t i t i e s  o f  n i t r o g e n  t o  p h osp hate  and s u l f u r  compounds proved  
f u t i l e  i n  a t t e m p t i n g  to produce  HPO and S2 bands w hich  have  been  
r e p o r t e d  i n  d i f f u s s i o n  f l a m e s  ( 1 1 ,  1 2 )  and used  in  a m o d i f i e d  h ydro­
gen f lame p h o t o m e t r i c - g a s  ch rom atograp h ic  d e t e c t o r  ( 4^-). S e v e r a l  a r o ­
m at ic  compounds were  i n t r o d u c e d  w i t h  v a r i o u s  c a r r i e r  g a s e s  (N2 , CO,
CH4 , e t c . )  i n t o  a l l  r e g i o n s  o f  the plasma and no w hole  m o le c u l e s  
c o u ld  be found by e i t h e r  e m i s s i o n  or a b s o r p t i o n  s p e c t r o s c o p y .
D. ELECTRONIC ABSORPTION SPECTRA OF RF PLASMA
1 .  I n t r o d u c t i o n
P e a r se  and Gaydon r e p o r t  t h a t  many bands o b s e r v e d  i n  e m is ­
s i o n  s p e c t r o s c o p y  were  a l s o  ob s erv ed  i n  a b s o r p t i o n  s p e c t r o s c o p y ;  o f  
p a r t i c u l a r  i n t e r e s t  in  t h i s  s t u d y  were  the  32^ 4-5 an  ^ 3271^ bands .
Goleb (1 9 )  has  r e p o r t e d  a t e c h n iq u e  f o r  a to m ic  a b s o r p t i o n  d e t e r m i n a ­
t i o n  o f  n o b le  g a s e s  em ploy ing  non-ground s t a t e  t r a n s i t i o n s .  The l i n e s
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employed r e p r e s e n t e d  t r a n s i t i o n s  from e x c i t e d  s t a t e s  to  low l e v e l  
e x c i t e d  s t a t e s .  The low l e v e l  e x c i t e d  s t a t e s  were  p o p u l a t e d  by 
s p u t t e r i n g  th e  g a s e s  i n t o  t h e  l i g h t  p a t h  f rom a. h o l l o w  c a t h o d e .  
Menzie s  ( yk )  h a s  r e p o r t e d  a to m ic  a b s o r p t i o n  of  c o b a l t  and n i c k e l  
l i n e s  r e p r e s e n t i n g  non g round  s t a t e  t r a n s i t i o n s .
The plasma d i s c h a r g e  d e s c r ib e d  in  t h i s  t h e s i s  was i n v e s t i ­
ga ted  by a b s o r p t i o n  tech n iq u es  in  order  to determine i f  any new 
s p e c i e s ,  p a r t i c u l a r l y  whole  m o l e c u l e s ,  cou ld  be found and to de­
termine i f  h ig h e r  s e n s i t i v i t y  cou ld  be ob ta in ed  fo r  some o f  the  
bands and l i n e s  found by e m i s s i o n .  In a d d i t i o n  the d e te r m in a t io n  
of  any sm al l  m o le c u le s  formed or any sample m olec u le s  l e f t  in  the  
plasma was sou ght .
2 .  Experimenta l  C o n s i d e r a t io n s
The pla.sma was p o s i t i o n e d  as d e s c r ib e d  p r e v i o u s l y  d i s ­
ch a rg in g  downwardly w i t h  the torch  l o c a t e d  in  the l i g h t  path a t  the  
f o c a l  p o i n t  o f  the o p t i c a l  sys tem .  The l i g h t  source  was mounted 
behind the second l e n s  p o s t  w i th  the e m i t t i n g  e lem en t  o f  the source  
a t  the f o c a l  p o in t  o f  t h i s  l e n s .  An a u x i l i a r y  chopper was mounted 
on t h i s  second p o s t  and was used t o  modulate the source  i n  a b s o r p t i o n  
s t u d i e s  and used as a s h u t t e r  when the e m i s s i o n  spectrum o f  the  p l a s ­
ma d i s c h a r g e  was d e s i r e d .  In t h i s  l a t t e r  c a s e  the chopper on the  
f i r s t  l i g h t  p o s t  was used to p rov id e  m od ula t ion .
S in c e  the ins trum ent  used  had s i n g l e  beam o p t i c s  and the  
" a b s o r p t io n  c e l l "  a l s o  e m it te d  l i g h t  th ree  runs were r e q u ir e d  to  de­
termine a b s o r p t i o n .  Absorbance i s  d e f in e d  as the l o g  o f  the r a t i o  
o f  the l i g h t  i n t e n s i t y  f a l l i n g  on the d e t e c t o r  a f t e r  p a s s i n g  through  
a s o l v e n t  to  the l i g h t  i n t e n s i t y  f a l l i n g  on the d e t e c t o r  a f t e r
p
p a s s i n g  through the sample,  thus A = l o g  . In the ca.se o f  the  
plasma n e i t h e r  P0 nor P cou ld  be measured d i r e c t l y  s i n c e  the plasma  
d is c h a r g e  i t s e l f  e m i t s .  Thus each i n t e n s i t y  measurement was a. sum
i i
o f  i n t e n s i t i e s .  The f a c t o r s  a c t u a l l y  mea.sured were PQ and P where
t  I I  I H I T
pQ = pQ -  pQ and P = P - P . Po an-d P were the meter read ings  ob­
ta in e d  when l i g h t  from the  modulated l i g h t  source  was passed through
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the plasma w i t h  and w i t h o u t  sample r e p e c t i v e l y .  The terms PG and
ff
P r e f l e c t  the re s p o n se  o f  the spec trop h otom eter  to the unmodulated
It
e m i s s i o n  from the plasma d i s c h a r g e .  PQ was u s u a l l y  q u i t e  small  and
IT
was n e g l e c t e d ,  however P was u s u a l l y  l a r g e  enough t h a t  i t  had to 
be c o n s id e r e d .
The r e s p o n se  o f  the spec troph otom eter  to  the unmodulated  
l i g h t  appeared to  be due mainly to  t h e  s l i g h t  w aver ing  o f  the plasma 
which caused  p a r t i a l  m od u la t ion .  This l a t t e r  e f f e c t  was ac c e n tu a te d  
when the r e l a t i v e  i n t e n s i t y  o f  the plasma d i s c h a r g e  was much g r e a t e r  
than t h a t  o f  the source  as in  the c a s e  when the source  was a hydro­
gen d i s c h a r g e  lamp and l a r g e  c o n c e n t r a t i o n s  o f  phospha.tes were i n ­
troduced i n t o  the plasma d i s c h a r g e .  In t h i s  c a s e ,  f o r  example,  the  
true  i n t e n s i t y  o f  the 32 -^5^ PO band was ten  t imes  g r e a t e r  than the
n
i n t e n s i t y  o f  the hydrogen lamp and the exp er im en ta l  parameter ,  P ,
!
was a pp rox im ate ly  10^ P .
Based on the r e p o r t s  of  Robinson and Rosamond ( 5 2 ) ,  and 
Robinson,  L o f t i n  a.nd T r u i t t  (5 3 ) i t  appears to be p r a c t i c a l  to  pre­
pare demountable h a l lo w  ca thode lamps capable  o f  producing a. wide  
v a r i e t y  o f  band s p e c t r a  o f  good s t a b i l i t y  and h igh  b r i g h t n e s s .  Two 
h o l lo w  ca thode lamps were c o n s t r u c t e d  and they  are shown in  F igures  
30 and 1)1. The f i r s t  ca thode was for  organ ic  phosphates  and the
1'e ta l  B a l l  Quartz
T 5 0 /5 0(with  0 - r i n g  s e a l )
N i c k e l  Anode
T e f lo n  cove-red rods -
Ca thodeT e f l o n  sp a c e r
-<-T 14/35
Sample h o lder  
(may be heated  
or c o o le d )
Figure  30
Schematic  Diagram o f  Hollow Cathode Lamp for  Organic Liquids
Q u ar tz
Window
M e ta l  B a l l  
(w i th  0 - r i n g  s e a l ) § 50 /50
c k e l  Anode
T e f l o n  c o v e r e d  rods
Cathode
T e f l o n  s p a c e r
F i g u r e  31
S c h e m a t ic  Diagram o f  Hollow Cathode  Lamp f o r  S o l i d  Samples
91
second f o r  s o l i d  compounds.  Both lamps were t e s t e d .  T r i e t h y l  phos­
phate was used  in  the f i r s t  lamp and NH4H2PO4 + g r a p h i t e  was used in  
the second lamp. Both lamps produced the same PO band and P l i n e  
e m i s s i o n .  The lamp u s i n g  the in o r g a n i c  phosphate produced s t r o n g e r  
and more s t a b l e  e m i s s i o n  s p e c t r a  than the org a n ic  charged  ca thode  
lamp. Thus the o r g a n ic  charged  ca thode  was abandoned in  favor  o f  the 
i n o r g a n i c  charged  c a t h o d e .  The spectrum o f  the  PO [3-band system  ob­
t a i n e d  from the h o l lo w  ca th od e  lamp and plasma torch  i s  shown in  
F ig u r e  32 .
A s tandard  I 50 w a t t  Beckman Hydrogen d i s c h a r g e  and a low 
v o l t a g e  t u n g s t e n  lamp were  used  f o r  the c o n t in u o u s  s o u r c e s .
3 . E xp er im enta l  Procedure
Four ty p e s  o f  e x p er im en ts  were run w i t h  four  d i f f e r e n t  
l i g h t  s o u r c e s .  The f i r s t  e x p e r im e n ta l  procedure  in v o l v e d  c a r e f u l l y  
o b s e r v i n g  a l t e r n a t i v e l y  th e  base  and the upper p o r t i o n  o f  the core  
as samples  were  i n t r o d u c e d .  In order  to  o b s erv e  the bottom o f  the  
co re  the d i s t a n c e  between the end o f  the plasma tube and the f i r s t  
c o i l  was i n c r e a s e d  by c a .  1 cm. In t h e s e  exp er im en ts  the sou rce  was 
c o n s i d e r e d  to  be the e m i s s i o n  o f  the  c o r e .
The second s e t  o f  e x p er im en ts  in v o l v e d  i n t r o d u c t i o n  o f  the  
sample i n t o  the  c o o l a n t  or c e n t e r  s treams and measuring the a b sorp ­
t i o n  a t  a g iv e n  p o s i t i o n  in  the p lasma. In t h e s e  exp er im en ts  the  
s o u r c e s  used  were t u n g s t e n ,  hydrogen d i s c h a r g e  and h o l lo w  ca thode  
lamps.  For v a r i a t i o n  v a r i o u s  s im p le  g a s e s  were a l s o  in trod u ced  i n t o  
the sample to  modify  the c h a r a c t e r i s t i c s  o f  the plasma d i s c h a r g e .
In the t h i r d  s e t  o f  exp er im ents  the normal c o o l a n t  tube 
was r e p l a c e d  w i t h  a. s e r i e s  o f  d i f f e r e n t  s i d e  arm c o o l a n t  tubes  which
3  2  7  0 A
3245A
o
245A
Figure. 32
E m i s s i o n  S p e c t ru m  o f  PO 3-Band Sys tem :
(1) P la sma T o r c h ;  (2) Hollow C athode  Lamp
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had  th e  s i d e  arm l o c a t e d  a t  v a r i o u s  i n t e r v a l s  f rom th e  b a s e  o f  the  
t u b e .  The sam p les  were  i n t r o d u c e d  th ro u g h  the  s i d e  arm and c a r r i e d  
by v a r i o u s  s im p l e  g a s e s  o r  s p r a y e d  i n t o  t h e  t o r c h .
I n  t h e  f o u r t h  e x p e r i m e n t  a  t e e  tu b e  was a t t a c h e d  to  t h e  
end o f  th e  c o o l a n t  t u b e ,  a l l o w i n g  a. p a t h  l e n g t h  o f  12 cm w i t h  one 
t e e  and 25 cm w i t h  th e  o t h e r  t e e .  The p o r t i o n  o f  th e  p la sm a  w hich  
f i l l e d  t h e  t e e  tu b e  was c o n t r o l l e d  by th e  l e n g t h  o f  the  c o o l a n t  t u b e .  
Both s t r a i g h t  c o o l a n t  t u b e s  and s i d e  arm c o o l a n t  t u b e s  w ere  u s e d .  
k .  R e s u l t s  and D i s c u s s i o n
In  t h e  f i r s t  s e t  o f  e x p e r i m e n t s  w here  th e  p la sm a  c o re  was 
u s e d  as  t h e  s o u r c e  b e n z e n e ,  h e p t a n e ,  w a t e r ,  t r i e t h y l  p h o s p h a t e ,  n i ­
t r o g e n  and oxygen  were  i n v e s t i g a t e d  i n  th e  a r g o n  plasma, and i n  t h e  
a r g o n  p la sm a  m o d i f i e d  by oxy g en ,  n i t r o g e n  and h e l i u m .  T he re  was no 
s t r o n g  a b s o r p t i o n  n o t e d .  There  w e r e ,  how eve r ,  a few a r g o n  l i n e s  
w h ich  a p p e a r e d  t o  i n c r e a s e  s l i g h t l y  i n  i n t e n s i t y  (~  1 ^ )  when 5°jo n i ­
t r o g e n ,  o r  h e l i u m  was added  t o  th e  p la s m a .  Of t h e s e  a r g o n  l i n e s  the  
50J4-5S l i n e  h a s  been  r e p o r t e d  t o  a b s o r b  s t r o n g l y  by G o leb .  There  was 
no n o t a b l e  a b s o r p t i o n  f rom th e  c o n t in u u m  i n  t h e  r e g i o n s  w here  b e n ­
z e n e ,  CH, PO, C2 , CN, o r  OH r a d i c a l s  would  be e x p e c t e d  to  a b s o r b  
l i g h t .
I n  t h e  second  s e t  o f  e x p e r i m e n t s  w here  e i t h e r  t u n g s t e n ,  
h y d r o g e n  d i s c h a r g e  o r  h o l l o w  c a t h o d e  lamps w ere  u s e d  f o r  t h e  s o u rc e  
th e  same compounds were  s t u d i e d  and n i t r o g e n ,  oxygen ,  h e l i u m ,  and 
methane w ere  added  t o  modi fy  t h e  d i s c h a r g e  c h a r a c t e r i s t i c s .  The 
measurement o f  th e  a b s o r b a n c e  o f  l i g h t  was i m p o s s i b l e  a t  t h e  w ave­
l e n g t h s  o f  th e  ( 0 ,  0 )  e l e c t r o n i c  t r a n s i t i o n  of  the  PO ^ - s y s t e m  
( 3 2 7 1 ^ ) ,  C2 Swan sy s t e m  ( 5I 65S ) ,  CN V i o l e t  s y s t e m  ( 3883^ )  and the
320^-i? OH band s y s t e m  s i n c e  th e  e m i s s i o n  s i g n a l  a t  t h e s e  w a v e l e n g t h s  
was much g r e a t e r  t h a n  t h a t  o f  t h e  c o n t i n u o u s  s o u r c e .  With  th e  PO 
h o l l o w  c a t h o d e  lamp i t  was p o s s i b l e  to  p ro d u c e  th e  bands  o f  t h e  PO 
s y s t e m  a t  g r e a t e r  i n t e n s i t i e s  t h a n  th e  l i g h t  a t  s i m i l a r  w a v e l e n g t h s  
f rom t h e  c o n t i n u o u s  s o u r c e s  u s e d .  The h o l l o w  c a t h o d e  a l s o  p roduced  
p h o s p h o ru s  l i n e ,  n i t r o g e n  ban d ,  OH band ,  and a rg o n  l i n e  s p e c t r a .  At 
h i g h  c o n c e n t r a t i o n s  of  t r i m e t h y l  p h o s p h a t e ,  100 u g . / s e c .  and g r e a t e r ,  
t h e r e  w ere  i n d i c a t i o n s  o f  a b s o r b a n c e  o f  t h e  PO band .  The max­
imum a b s o r b a n c e  o b s e r v e d  was found i n  t h e  a f t e r  f l am e  j u s t  beyond th e  
c o o l a n t  t u b e .  T h i s  r e g i o n  was n o t  a  r e g i o n  o f  s t r o n g  e m i s s i o n .  The 
maximum a b s o r b a n c e  was A = 0 .0 1 5  (97% f )  a t  a  c o n c e n t r a t i o n  o f  a p p r o x ­
i m a t e l y  150 p , g . / s e c .  The 2137 a n d 21^-7^ pho s p h o ru s  l i n e s  showed some 
a b s o r b a n c e  b e tw ee n  c o n c e n t r a t i o n s  o f  100 and I 50 j u g . / s e c .  o f  t r i ­
m e thy l  p h o s p h a te  a t  7  cm- beyond t h e  b a s e  o f  th e  c o r e .  The a b s o r b ­
an ce  v a r i e d  f rom a b o u t  A = 0 .0 0 5  (99% l )  to  A = 0 . 0 3  (96% T) f o r  th e  
2137$ l i n e  and A = 0 . 0 0 5  (99% T) t o  A = 0 . 0 1 5  (oj% T) f o r  t h e  2147&. 
The 2535 an(3 2 5 5 ^  l i n e s  d i d  n o t  a p p e a r  t o  a b s o r b  l i g h t .  The OH 
bands  d i d  n o t  a p p e a r  to  a b s o r b  OH band e m i s s i o n .  The o n ly  a b s o r p ­
t i o n  o f  l i g h t  was found i n  t h e  a l l  a r g o n  p la sm a .
In  t h e  t h i r d  s e t  o f  e x p e r i m e n t s  s i m i l a r  r e s u l t s  w e re  ob ­
t a i n e d  t o  t h o s e  o b t a i n e d  i n  t h e  s econd  s e t  o f  e x p e r i m e n t s  e x c e p t  t h a t  
p h o s p h o ru s  d i d  n o t  a p p e a r  to  a b s o r b .  Benzene and h e p t a n e  t e n d e d  t o  
p ro d u c e  more c a r b o n  when decom posing  w hich  made i t  d i f f i c u l t  t o  make 
m e a s u re m e n t s .  An a d d i t i o n a l  e x p e r i m e n t  was added i n  t h e  c a s e  of  b e n ­
z e n e .  Benzene v a p o r  was i n t r o d u c e d  i n t o  th e  t o r c h  and the  amount was 
a d j u s t e d  t o  g i v e  a  r e a d i n g  o f  10% T a t  t h e  s t r o n g e s t  a b s o r p t i o n  band .  
The p la sm a  d i s c h a r g e  was t h e n  i n i t i a t e d  and the  a b s o r b a n c e  a g a i n
m e a s u r e d .  T h e r e  was a n  i n d i c a t i o n  o f  band  a b s o r p t i o n ,  how ever  t h e r e  
was  a  c o n t i n u o u s  a b s o r p t i o n  w h ic h  r e d u c e d  t h e  t r a n s m i s s i o n  t o  8 5 $ .
Tl i i s  r e d u c t i o n  i n  t r a n s m i s s i o n  a p p e a r e d  t o  be due  t o  b l o c k a g e  o f  t h e  
l i g h t  p a t h  by c a r b o n  p a r t i c l e s .
I n  t h e  f o u r t h  s e t  o f  e x p e r i m e n t s ,  e x p e r i m e n t s  2 and  3 were, 
r e p e a t e d  w i t h  a  t e e  t u b e  p l a c e d  on  t h e  end  o f  t h e  c o o l a n t  t u b e .
T h e s e  e x p e r i m e n t s  w e r e  p a r t i c u l a r l y  d i s c o u r a g i n g  s i n c e  no a b s o r b a n c e  
was  m e a s u r e d  e x c e p t  f o r  t h e  s l i g h t  a b s o r b a n c e  n o t e d  f o r  PO b a n d s .
The v a l u e s  o b t a i n e d  w e r e  o f  t h e  same o r d e r  o f  m a g n i t u d e  a s  r e p o r t e d  
p r e v i o u s l y  and  a p p e a r e d  t o  be i n d e p e n d e n t  o f  t h e  l e n g t h  o f  t h e  t e e  
t u b e .
E . CONCLUSIOtfS
The i n d u c t i o n - c o u p l e d  r a d i o - f r e q u e n c y  p l a s m a  t o r c h  c a n  p r o ­
d u c e  e m i s s i o n  s i g n a l s  w h ic h  a r e  q u i e t e r  and  more s t a b l e  t h a n  e i t h e r  
a n  a r c  o r  c o n v e n t i o n a l  f l a m e  s o u r c e .  The t o r c h  h a s  s e v e r a l  a d v a n ­
t a g e s  o v e r  c o n v e n t i o n a l  e m i s s i o n  s o u r c e s .  F i r s t  t h e  r e a c t i v i t y  o f  
t h e  p l a s m a  may be c o n t r o l l e d  a.t w i l l .  I t  may be n e u t r a l  o x i d i z i n g  
o r  r e d u c i n g  i n  n a . t u r e .  The plasma,  c a n  be c o n t r o l l e d  f u r t h e r  t o  p r o ­
d u c e  c h e m i c a l  r e a c t i o n s  t o  e n h a n c e  e m i s s i o n  a s  i n  t h e  c a s e  o f  t h e  
r e a c t i o n  b e t w e e n  c a r b o n  and  n i t r o g e n  t o  y i e l d  a  p r o d u c t  (CN) t h a t  
p o s s e s s e s  g r e a t e r  e m i s s i o n  s e n s i t i v i t y  t h a n  e i t h e r  o f  i t s  p a r e n t s .
The p la sm a  may be u s e d  t o  g e n e r a t e  band  s p e c t r a  o f  s u c h  s y s t e m s  a s  
PO o r  SO w h ic h  a p p e a r  t o  be p r o d u c e d  o n l y  when  s i m i l a r  b a n d s  a p p e a r  
i n  t h e  sam p le  m o l e c u l e .
I n  t h e o r y ,  a t  l e a s t ,  t h e  p l a s m a  t o r c h  c a n  be o p e r a t e d  w i t h  
any  v a r i e t y  o f  g a s e s  t o  p r o d u c e  a  plasma,  o f  c o r r e s p o n d i n g  e l e c t r o n  
e n e r g y .  I n  a d d i t i o n  t o  t h i s  c o n t r o l  t h e  t e m p e r a t u r e  o f  t h e  plasma.
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c a n  be c o n t r o l l e d  t o  a. d e g r e e  by a d j u s t m e n t  o f  t h e  r f  power l e v e l .
I t  w ou ld  be e x p e c t e d  t h a t  f l o w  r a t e s  o f  t h e  g a s e s  f e e d i n g  t h e  p lasm a 
w o u ld  e f f e c t  t h e  e m i s s i o n  s e n s i t i v i t y  on t h e  b a s i s  o f  t h e  l i f e t i m e  o f  
v a r i o u s  s p e c i e s  p r o d u c e d ,  how ever  t h i s  c o u l d  n o t  be i l l u s t r a t e d  i n  
t h i s  w ork  p o s s i b l y  b e c a u s e  o f  t h e  r e l a t i v e l y  n a r r o w  r a n g e  o f  f low  
r a t e s  o v e r  w h ic h  t h e  p l a s m a  o p e r a t e d .  A d d i t i o n a l  a d v a n t a g e s  o f  t h e  
r f  plasma,  a r e  t h e  r e l a t i v e l y  s i m p l e  and weak b a c k g r o u n d  and  b a s e  s p e c ­
t r a  g i v e n  by t h e  plasma,  d i s c h a r g e  and t h e  a c t u a l  d i s c h a r g e  p r e s e n t e d  
due  t o  i t s  s i z e ,  s h a p e ,  and  v a r i o u s  r e g i o n s .
The m a jo r  d i s a d v a n t a g e s  o f  t h e  r f  plasma,  a p p e a r  to  be t h e  
c o s t  o f  t h e  e q u i p m e n t  and  o p e r a t i n g  c o s t s  o f  t h e  t o r c h .  A l s o  t h e r e  
i s  d i f f i c u l t y  e n c o u n t e r e d  i n  f i n d i n g  a. c o n v e n i e n t  method  o f  sample  
i n j e c t i o n  c o u p l e d  to  t h e  r e s t r i c t i o n  of  s m a l l  s am p le  i n j e c t i o n  r a t e s .
T h e r e  a r e  some i n t e r e s t i n g  c o m p a r i s o n s  w h ich  c a n  be made 
c o n c e r n i n g  e m i s s i o n  o f  band  s p e c t r a ,  b e t w e e n  t h i s  p l a s m a  d i s c h a r g e  and 
a  m icrowave  d i s c h a r g e  i n  a r g o n  ( 3 2 , 3 3 )?  o x y - h y d r o g c n  f l a m e  (1 7 > 
5 1 )  and  an  oxy-a.ee t y l e n e  f l a m e  ( l 6 ,  2 9 ) .  F i r s t ,  CII r a d i c a l s  a r e  n o t  
d e t e c t e d  i n  e m i s s i o n  f rom  t h e  p l a s m a  b u t  a r e  a lw ays  p r o m i n e n t  i n  t h e  
e m i s s i o n  s p e c t r u m  o f  t h e  o t h e r  s o u r c e s  when a  h y d r o c a r b o n  i s  i n t r o ­
d u c e d .  I n  t h e  c a s e  o f  C2 and  CN e m i s s i o n  t h e  m os t  p r o m i n e n t  band  
found  i n  t h e  p la s m a  a lw a y s  r e p r e s e n t s  t h e  e l e c t r o n i c  t r a n s i t i o n  w i t h  
t h e  ( 0 ,  0 )  v i b r a t i o n a l  t r a n s i t i o n .  I t  h a s  b e e n  r e p o r t e d  t h a t  f o r  t h e  
o x y - h y d r o g e n  f l a m e  t h e  most  p r o m i n e n t  band i n  t h e s e  s y s t e m s  c h a n g e s  
f rom  compound t o  compound (51  ) .  S i m i l a r  r e s u l t s  a r e  a l s o  o b t a i n e d  
i n  t h e  c a s e  o f  OH b a n d s  w h e re  t h e  0 v i b r a t i o n a l  l e v e l s  a r e  a lw a y s  
r e f l e c t e d  i n  t h e  mos t  ( o n l y  i n  m os t  c a s e s )  p r o m i n e n t  OH b a n d s .
The d i f f e r e n c e s  n o t e d  f o r  t h e  C2 bands  a r e  p o s s i b l y  due to
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d i f f e r e n c e s  in  the way in  which the r a d i c a l s  are  formed and thus d i f ­
f e r e n c e s  in  the en ergy  d i s t r i b u t i o n .  In the c a s e  o f  the plasma and 
microwave d i s c h a r g e  i t  appears  t h a t  the most e f f i c i e n t  means o f  p ro ­
d u c in g  C2 i s  from m o le c u le s  c o n t a i n i n g  t h i s  l i n k a g e .  Thus the r a d i ­
c a l s  are  produced in  an e x c i t e d  s t a t e  or are in tr o d u c e d  i n t o  a. c o n ­
s t a n t  energy  atmosphere  (argon atoms i n  the m e t a - s t a b l e  s t a t e  p lu s  
plasma)  where a. s t e a d y  s t a t e  may be approached.  On the o th e r  hand a 
f lame p r o v id e s  s e v e r a l  ch em ica l  s t e p s  f o r  p o s s i b l e  fo rm a t io n  and 
r e a c t i o n .
Although the e x p e r im e n ta l  a t te m p ts  to  f i n d  whole  m o le c u l e s  
i n  th e  plasma by a p p l i c a t i o n  o f  a b s o r p t i o n  s p e c t r o s c o p y  te c h n iq u e s  
do n o t  i n d i c a t e  the  p r e s e n c e  o f  any l a r g e  m o le c u l e s  i n  benzene even  
i n  the  r e g i o n  o f  th e  c o r e ,  s m a l l e r  m o le c u l e s  would be e x p e c te d  to 
e x i s t  i n  the  t a i l  f la m e .  I t  would be e x p e c t e d  t h a t  the ra.dica. ls  s e e n  
i n  the e m i s s i o n  s t u d i e s  o f  t h i s  sy s tem  would form s t a b l e  compounds in  
or j u s t  beyond the  t a i l  f la m e .
There were  s e v e r a l  e x p e r i m e n t a l  pr blems in v o l v e d  in  t h i s  
work which  l i m i t e d  i t s  a p p l i c a t i o n .  The f i r s t  and perhaps most d i f ­
f i c u l t  was the s t r o n g  e m i s s i o n  c h a r a c t e r  o f  the plasma to rch  d i s ­
charge  e s p e c i a l l y  in  the c o r e  and secondary  r e g i o n s .  In a d d i t i o n  to  
t h i s  s t r o n g  band, l i n e ,  a.nd co n t in u o u s  e m i s s i o n  even  in  the t a i l  
f lame r e g i o n ,  the e m i s s i o n  o f  the atomic  l i n e s  and bands o f  g r e a t e s t  
i n t e r e s t  was o f  the order  o f  magnitude or s t r o n g e r  than the s o u r c e s  
a v a i l a b l e  f o r  a b s o r p t i o n  s tu d y .  The most f a v o r a b l e  c a s e  a v a i l a b l e  
was the  s tudy  o f  the PO (3-ba.nds u s i n g  l i g h t  from the h o l lo w  cathode  
lamp and in  t h i s  c a s e  a t  moderate c o n c e n t r a t i o n s  (80  u g . / s e c .  o f  
t r i m e t h y l  p h osp h ate )  the i n t e n s i t y  o f  the  plasma, was equal  to t h a t
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o f  the s o u r c e .  These problems c o u ld  p o s s i b l y  be overcome by use  o f  
s t r o n g e r  l i g h t  s o u r c e s ,  i . e .  q u a r t z - h a l i d e , d euter ium  or xenon arc  
lamps.  The second problem en cou n tered  was the r e s o l u t i o n  o f  the  
monochromator or r a t h e r  i t s  band p a s s .  E x p e r i m e n ta l ly  the band pass  
was found to average  1 . 8$ w i t h  the 100  f i x e d  s l i t s  which were used  
throughout t h i s  e x p e r im e n ta l  work.  This  band pass  would make i t  d i f ­
f i c u l t  to  s e e  a b s o r p t i o n  from s p e c i e s  which absorb  w eakly  over  a n a r ­
row a b s o r p t i o n  band. No a t tem p t  was made t o  in t r o d u c e  m a t e r i a l  i n t o  
the plasma which would be e x p e c te d  to  produce l a r g e  q u a n t i t i e s  o f  02 , 
NO or OH r a d i c a l s  and thus  t h e s e  r a d i c a l s ,  which are  r e p o r t e d  to  ab­
sorb  r e l a t i v e l y  s t r o n g l y ,  (1 7 ? -^2 , ^3 ? were not  found.
In g e n e r a l  i t  appears  t h a t  much more s o p h i s t i c a . t e d  e q u ip ­
ment would be n e c e s s a r y  to  s tu d y  t h i s  p a r t i c u l a r  plasma torch  in  de­
t a i l .  A d a p ta t io n  o f  th e  m u l t i p l e  pass  type equipment used  by l e s s e n  
and Gaydon (29)  to  s tu d y  the  a b s o r p t i o n  spectra ,  o f  CH, OH, and C in  
an o x y - a c e t y l e n e  f lame i s  one p o s s i b l e  f r u i t f u l  approach .  Another  
p o s s i b l e  approach i s  o p e r a t i o n  o f  the to rch  a t  s l i g h t l y  reduced p r e s ­
sure  i n  order  to  make i t  e a s i e r  to  o b s erv e  a b s o r p t i o n  c h a r a c t e r i s t i c s  
o f  v a r i o u s  band s p e c t r a .  Such a proposed  d e s i g n  i s  shown i n  F igure  
33 .  Th is  to rch  w i t h  a s s o c i a t e d  vacuum equipment c o u ld  be o p era ted  
over  the range o f  p r e s s u r e s  from s o f t  vacuum to  probably  s l i g h t l y  
above a tm osph er ic  p r e s s u r e .
The i n d i c a t i o n  o f  a b s o r p t i o n  o f  the 2137 and 2 h b j . S phospho­
rus  l i n e s  i n d i c a t e s  t h a t  w i t h  the r i g h t  energy  d i s t r i b u t i o n  i n  the  
plasma, i t  would be p o s s i b l e  to  o b t a in  a s u f f i c i e n t  p o p u l a t io n  o f  phos­
phorus atoms i n  the 2D° s t a t e  a.nd t h e s e  l i n e s  would become r e v e r s i ­
b l e ;  however,  whether  the o s c i l l a t o r  s t r e n g t h  would be f a v o r a b le  fo r
oo
Q u a r tz  TubingQuartz Window
;p Rf C o i lE x h a u s t
G a s  H e a d  - > -
C o o l a n t
< r  P l a s m a  G a s
C e n t e r  S t r e a m
E n d  P i e c e
E x h a u s t
F igure  33 
Schematic  Diagram o f  Proposed Torch 
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a t o m ic  a b s o r p t i o n  a n a l y s i s  i s  n o t  known (9 ) .  I t  d o e s ,  h o w e v e r ,  a 
pear  from th e  s lo w  change i n  a b s o r b a n c e  w i t h  i n c r e a s i n g  c o n c e n t r a  
t i o n  t h a t  t h i s  i s  u n l i k e l y .
C H A P T E R  I I
N M R  S T U D Y  O F  O L E F I N S
A. INTRODUCTION
The p r o c e s s  o f  n u c l e a r  m a g n e t i c  r e s o n a n c e  l e n d s  i t s e l f  w e l l  to  
t h e  c h a r a c t e r i z a t i o n  o f  p a r a f f i n i c  o l e f i n s  and  m i x t u r e s  o f  o l e f i n s .
The c h a r a c t e r i z a t i o n  i s  b a s e d  on t h e  d i f f e r e n t  m o l e c u l a r  e n v i r o n ­
m e n ts  o f  t h e  o l e f i n i c  h y d r o g e n s  found  on t h e  d i f f e r e n t  t y p e s  o f  o l e ­
f i n s .  W h i l e  t h e  c h e m i c a l  s h i f t  i s  p r i m a r i l y  d e p e n d e n t  on o l e f i n  ty p e  
i t  i s  a l s o  somewhat  d e p e n d e n t  on t h e  s u b s t i t u e n t  g r o u p s .  The a c t u a l  
s p e c t r a  o f  t h e  o l e f i n  g r o u p s  a r e  d e p e n d e n t  on a d j a c e n t  g r o u p s .  Con­
v e r s e l y ,  t h e  g r o u p s  a d j a c e n t  t o  t h e  o l e f i n  ( e t h y l e n e  g r o u p )  a r e  a f ­
f e c t e d  i n  a. s i m i l a r  f a s h i o n .
The d e v e l o p m e n t  o f  q u a n t i t a t i v e  m e th o d s  f o r  t h e  d e t e r m i n a t i o n  o f  
o l e f i n s  i s  d e p e n d e n t  on t h e  c h e m i c a l  s h i f t  o f  v a r i o u s  o l e f i n  t y p e s .
I n  m i x t u r e s  o f  o l e f i n s  i t  i s  i m p o r t a n t  t h a t  t h e r e  i s  no s p e c t r a l  o v e r ­
l a p  b e t w e e n  t h e  d i f f e r e n t  s p e c i e s  p r e s e n t  i n  t h e  m i x t u r e .  T h i s  i s  
n o t  a l w a y s  p o s s i b l e .  To e l i m i n a t e  t h i s  p r o b l e m  a method h a s  b e e n  d e ­
v e l o p e d  t o  remove s u c h  o v e r l a p .  I t  i s  b a s e d  on s p i n  d e c o u p l i n g  o f  
v a r i o u s  o l e f i n  t y p e s .
To f a c i l i t a t e  d i s t i n c t i o n  b e tw e e n  t h e  d i f f e r e n t  t y p e s  o f  o l e ­
f i n s  t h e  f o l l o w i n g  n o m e n c l a t u r e  i s  u s e d :
Type I  O l e f i n  RCH = CH^ mono s u b s t i t u t e d  e t h y l e n e
( t e r m i n a l  o l e f i n )
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1 0 ?
Type I I  O l e f i n RCH = CHR 1 , 2 - d i s u b s t i t u t e d  e t h y l e n e  
( i n t e r n a l  o l e f i n )
( c i s  and tran s  i s o m ers )
Type I I I  O l e f i n RRC = CH2 2 , 2 - d i s u b s t i t u t e d  e t h y l e n e  
(branched te r m in a l  o l e f i n )
!!
Type IV O l e f i n RR C = CHR t r i s u b s t i t u t e d  e t h y l e n e  
(branched i n t e r n i a .1 o l e f i n )
t  I t  Ml
Type V O l e f i n RR C = CR R f u l l y  s u b s t i t u t e d  e t h y l e n e  
( f u l l y  s u b s t i t u t e d  o l e f i n )
S i n c e  Type V o l e f i n s  have no o l e f i n i c  hydrogens  o l e f i n s  o f  t h i s  type  
w i l l  be c o n s i d e r e d  o n l y  in  p a s s i n g  i n  t h i s  s t u d y .
H i s t o r i c a l l y  much work which i s  u s e f u l  f o r  c h a r a c t e r i z a t i o n  o f  
o l e f i n s  has r e s u l t e d  from s t u d i e s  o f  the  complex s p i n  s p l i t t i n g  o f  
o l e f i n i c  h yd rogen s .  B ro thner-By  e t  a l .  ( 5 ) ,  Reddy and G o l d s t e i n  
(U8 )> and S c h a e f f e r  (5 5 ) . have a l l  s t u d i e d  o l e f i n s  and r e p o r t e d  a 
g r e a t  d e a l  o f  in f o r m a t io n  on ch e m ic a l  s h i f t s  and s p in  c o u p l i n g  con­
s t a n t s .  In a d d i t i o n  some ch em ic a l  s h i f t  d a ta  f o r  a l k e n e s ,  a l k a d i e n e s  
and c y c l o a l k e n e s  have been p r e s e n t e d  p r e v i o u s l y  by Chamberlain (6 ) ,  
Reddy and G o l d s t e i n  and Frances  and Archer ( 1 5 ) -
■ Data  on s p e c t r a l  p a t t e r n s  o f  a lk a n e s  and a l k e n e s ,  compiled  
c h a r t s  o f  ch e m ic a l  s h i f t s  and l i m i t e d  d a ta  on c o u p l i n g  c o n s t a n t s  have  
a l s o  been  r e p o r t e d  by B artz  and Chamberlain ( 2 ) and S t e h l i n g  and 
Bartz  (55)*  1°  a d d i t i o n  to  t h i s  d a ta  a t h e o r e t i c a l  r e p o r t  on s p i n
c o u p l i n g  p a t t e r n s  t h a t  can be o f  g r e a t  h e lp  in  c h a r a c t e r i z a t i o n  has  
been r e p o r t e d  by Corio  ( 1 0 ) .  In t h i s  same g e n e r a l  a rea  Jackman ( 2 8 ) 
and Bacca and W i l l i a m s  ( l )  g i v e  v e r y  u s e f u l  in fo r m a t io n  co n c e r n in g  
c o u p l i n g  c o n s t a n t s  and app rox im at ion s  which may be a p p l i e d  when the  
p a t t e r n s  are  too  c o m p l i c a te d  to a n a l y z e .
There has been c o n s i d e r a b l e  i n t e r e s t  in  the a n a l y s i s  o f  Type I
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o l e f i n  system s  r e c e n t l y  (3 , I k ,  5k ,  57)  and i n  c h a r a c t e r i z a t i o n  of  
o l e f i n  system s  i n  g e n e r a l  ( 5 6 ) .  S a i e r  e t  a l  „ ( 5 7 ) have  d e v e lo p e d  an 
i n f r a r e d  method o f  a n a l y s i s  in  which  they  use  gas chromatographic  
d ata  on the sample to  determine  the  m o le c u la r  w e ig h t  d i s t r i b u t i o n  
data  from which  c o r r e c t i o n  in  the molar a b s o r b t i v i t i e s  can be made 
as a f u n c t i o n  o f  m o lec u la r  w e i g h t .  S u a t o n i  (57 )  has r e p o r t e d  a 
l e n g t h l y  g r a v i m e t r i c  method f o r  d e te r m in in g  C i 2 — C i 8 Type I  o l e ­
f i n s  i n v o l v i n g  hyd rob rom inat ion  o f  the  o l e f i n s  i n  the p res en ce  o f  
l a u r o n y l  p e r o x i d e s  and s e p a r a t i o n  o f  the  a l k y l  bromides formed by 
5-A M olecu lar  S i e v e  p e l l e t s .  The w e ig h t  o f  unabsorbed bromides was 
taken  to be t h a t  o f  the  bromides produced from the  Type I  C i2 — C i 8 
o l e f i n s .  In a d d i t i o n  to  t h i s  the  a n a l y s i s  scheme used  in  a p i l o t  
p l a n t  has been  d e s c r i b e d  in  a news r e l e a s e  ( 3 ) -  F lanagan and Smith  
( l h )  have d e s c r i b e d  a s im p le  r a p id  method fo r  d e te r m in in g  the r e l a ­
t i v e  amounts o f  Types I I  and I I I  o l e f i n s  i n  samples  o f  Type I o l e ­
f i n s  by h i g h - r e s o l u t i o n  NMR s p e c t r o m e t r y .  This  l a t t e r  method i s  
based on p r i o r  q u a n t i t a t i v e  knowledge o f  the n - o ' - o l e f i n  (normal Type 
i )  s i g n a l  d i s t r i b u t i o n  w i t h i n  the complex p a t t e r n  o f  the i n t e r n a l  
o l e f i n  hydrogen  and would thus be l i m i t e d  i n  a p p l i c a t i o n  to systems  
which are  b a s i c a l l y  normal Type I  o l e f i n s .  By u s i n g  the  knowledge  
o f  the  s i g n a l  d i s t r i b u t i o n  w i t h i n  the i n t e r n a l  o l e f i n  hydrogen p a t ­
t e r n  i t  i s  p o s s i b l e  to  c o r r e c t  f o r  o v e r l a p  between the s p e c t r a  o f  
Type I I  and Type I  o l e f i n s .
This  r e s e a r c h  o r i g i n a t e d  in  the  s p r in g  o f  I 965  a t  which t ime  
th e r e  was g r e a t  i n t e r e s t  i n  d e v e l o p i n g  methods f o r  the a n a l y s i s  o f  
mixed o l e f i n s  to  d e term ine  in  p a r t i c u l a r  the  amount o f  Type I I I  o l e ­
f i n  p r e s e n t  i n  a m a tr ix  o f  pred om inan t ly  Type I  o l e f i n .  Such a n a l y s e s
were o f  p a r t i c u l a r  i n t e r e s t  to  manufacturers  o f  b iodegradable  d e t e r ­
g e n t s .  The b i o d e g r a d a b i l i t y  requirement  i s  the freedom from Type I I I  
o l e f i n s  which produce d e t e r g e n t s  which are much more r e s i s t a n t  to  
b io d e g r a d a t io n  than those  produced from Type I  o l e f i n s .  Therefore a 
s im p le ,  r a p id ,  r o u t in e  a n a l y s i s  was e s s e n t i a l .  This work was e s s e n ­
t i a l l y  completed in  October ,  I 965 when s i m i l a r  r e s u l t s  were pu bl ish ed  
by Flanagan and Smith (1 1^-)• However,  our work was extended  from 
s im ple  mixtures  to more com p l ica ted  samples and the l i m i t  o f  d e t e c t ­
a b i l i t y  as w e l l  as q u a n t i t a t i v e  d e term in a t io n  o f  v a r io u s  types  o f  
o l e f i n s  in  th es e  mixtures  were a s c e r t a i n e d .
The d i f f i c u l t i e s  encountered  in  a n a l y s i s  o f  co m p l ica ted  mixtures  
of  v a r i e d  o l e f i n  type w i th  d i f f e r e n t  s u b s t i t u e n t  v a r i e t i e s  in d ic a t e d  
t h a t  the p o s s i b i l i t y  fo r  c h a r a c t e r i z a t i o n  o f  an o l e f i n  or mixture  
as to  type and g e n e r a l  s u b s t i t u e n t  s t i l l  e x i s t e d .  Work in  t h i s  
d i r e c t i o n  concu rrent  w i t h  work in  Chapter I  was then begun. Again  
j u s t  p r i o r  to  com p le t ion  o f  t h i s  p r o j e c t ,  a p u b l i c a t i o n  in c l u d i n g  
s i m i l a r  work by S t e h l i n g  and Bartz (5 6 ) appeared.  The scope o f  the  
o r i g i n a l  work was aga in  e x ten d ed .  This time an i n v e s t i g a t i o n  o f  
the use  o f  s p i n - d e c o u p l in g  t e ch n iq u es  to  remove over lap  primarly  
between Types I  and I I  o l e f i n s  was begun in  order to  e v a l u a t e  the 
p o t e n t i a l  for  q u a n t i t a t i v e  a n a l y s i s  w i th  s p in - d e c o u p l i n g .  An im­
provement in  r e s o l u t i o n  was ob served ,  but due to c o n v e r s io n  o f  the  
a v a i l a b l e  in strument  to 100 MHz, the p r o j e c t  was completed a t  100 MHz 
where over lap  was a much l e s s  s e r i o u s  problem.
In NMR sp ectrom etry  a l l  o l e f i n i c  hydrogen s i g n a l s  f a l l  in  a l im­
i t e d  s p e c t r a l  r e g i o n .  Each type o f  o l e f i n  g iv e s  s i g n a l s  a t  ch arac ­
t e r i s t i c  w ave lengths  n e a r l y  independent  o f  molecular  w e igh t  and which
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are  somewhat c h a r a c t e r i s t i c  o f  o l e f i n  type i n  g e n e r a l  sh ap e .  This  
s tu d y  u t i l i z e s  the  q u a n t i t a t i v e  a s p e c t  o f  h i g h - r e s o l u t i o n  n u c le a r  
m agn et ic  re s o n a n c e  s p e c t r o m e t e r y  a s  shown by J u n g n i c k e l  and Forbes  
(5 0 )  and P a u l s e n  and Cooke (55 )*  A l th ou gh  s p i n  d e c o u p l i n g  has  been  
w i d e l y  used  as  an a i d  in  d e t e r m i n a t i o n  o f  s t r u c t u r e ,  i t  appears  t h a t  
s u c c e s s f u l  a p p l i c a t i o n  o f  t h i s  t e c h n iq u e  to  the q u a n t i t a t i v e  d e t e r ­
m in a t io n  o f  m ix tu r e s  has n o t  p r e v i o u s l y  been  a p p l i e d .
B . EXPERIMENTAL
1 .  Equipment
The NMR s p e c t r a  were o b t a i n e d  u s i n g  V ar ian  A s s o c i a t e s  Mod­
e l  A - 6 0 ,  HA-60 a.nd HA-100,  60 and 100 MHz h i g h  r e s o l u t i o n  NMR s p e c ­
t r o m e te r s  a t  room te m p e r a tu r e .  The Model HA-60 and HA-100 u n i t s  were  
used  f o r  s p i n  d e c o u p l i n g  a t  60 and 100 MHz r e s p e c t i v e l y .  The o t h e r  
work was performed on the Model HA-60 and A-60  u n i t s .
2 .  R eagen ts
The o l e f i n s  used  w i t h  the  e x c e p t i o n  o f  1 - o c t e n e  were  ob­
t a i n e d  from J . T .  Baker Chemical  Co. l - 0 c t e n e  was o b t a i n e d  from 
P h i l l i p s  P e tr o le u m  Co. The p u r i t y  o f  the  i n d i v i d u a l  o l e f i n s  was 
check ed  gas  c h r o m a t o g r a p h i c a l l y  on a F and M model 500 gas  chromato­
graph equipped w i t h  a s i l i c o n e  rubber  column and a thermal conduc­
t i v i t y  d e t e c t o r .  Type I  o l e f i n s  were  r e p r e s e n t e d  by 1 - o c t e n e ,  !+- 
m e t h y l - l - p e n t e n e  and 3~e t h y l - l - p e n t e n e . Type I I  o l e f i n s  s t u d i e d  
were t r a n s - 2 , 5 - d i m e t h y l - 3 - hexcne  and k - m e t h y l - 2 - p c n t e n e ,  both  as c i s  
and tr a n s  i s o m e r s ,  t r a n s - 2 - o c t e n e ,  t r a n s - J - o c t e n e  and c i s -^ l - ,^ -d i -  
me t h y l - 2 - p e n t e n e . The Type I I I  group was r e p r e s e n t e d  by 2 - m e t h y l - l -  
p en ten e  and two e t h y l - 1 - h e x e . n e .  Type IV o l e f i n s  s t u d i e d  were 2 ,5"  
d i m e t h y l - 2 - h e x e n e  and 5 - e t h y l - 2 - p e n t c n e . The o n l y  Type V o l e f i n
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a.va.ila.ble was 2 , 3 ~ d i m e t h y l - 2 - b u t e n e .  The o l e f i n s  were used  w i t h o u t  
f u r t h e r  p u r i f i c a t i o n .
Procedure
A l l  compounds were  examined w i t h  the  60 MHz NMR s p e c t r o ­
meters  e i t h e r  n e a t  or as  20$ s o l u t i o n s  i n  carbon t e t r a c h l o r i d e .  In
a d d i t i o n  s e l e c t e d  samples  were examined as 5“50$ s o l u t i o n s .  A l l  
work u s in g  100 MHz and s p i n  d e c o u p l in g  a t  60 MHz was performed on 
20$ s o l u t i o n s  i n  carbon t e t r a c h l o r i d e .  To each  o f  the l a t t e r  sam­
p l e s  in  a sample tube two drops o f  benzene and 1 drop o f  TMS ( t c t r a -  
m e t h y l s i l a n e )  were  added. TMS prov id ed  the i n t e r n a l  s tandard  and 
benzene p rov id ed  the i n t e r n a l  l o c k  s i g n a l  r e q u i r e d  by the in s t r u m e n t .  
The r a t i o s  o f  the  s i g n a l s  o f  the va.rious o l e f i n  ty p e s  were  found to  
be independent  o f  r f  power over  a range l a r g e r  than used  in  a n a l y s i s .  
A l l  ch em ic a l  s h i f t s  were  r e f e r r e d  to t e t r a m e t h y l s i l a n e  as an i n t e r n a l  
s ta n d a r d .  The s c a l e  used  was th e  & s c a l e  where TMS i s  l o c a t e d  a t
0 . 0 0  8 and o t h e r  v a l u e s  are  r e p o r t e d  as p .p .m .  d o w n f ie ld  from TMS.
Two typ es  o f  samples  were u s e d .  The f i r s t  c o n s i s t e d  o f  a
pure o l e f i n  base such as 1 - o c t e n e  to  which  was added measured amounts 
o f  an o l e f i n  r e p r e s e n t i n g  a d i f f e r e n t  group or g r o u p s ,  but  in  no c a s e  
was more than one o l e f i n  o f  any s i n g l e  typ e  i n c l u d e d  i n  the sample .  
The second type o f  sample was prepared in  much the same way as the  
f i r s t  e x c e p t  t h a t  each type  o f  o l e f i n  was r e p r e s e n t e d  by a mixture  
o f  o l e f i n s .  The c o m p o s i t io n  o f  the four  pure samples  was as f o l l o w s :  
Type I  c o n s i s t e d  o f  55*8$ 1 - o c t e n e ,  2 3 . 1 $  ) i - m e t h y l - l - p e n t e n c  and 
2 1 . 1 $  3 - e t h y l - l - p e n t e n e . Type I I  c o n s i s t e d  of  1 5 - 5 $  t r a n s - 2 , 5 - d i ­
me t h y l - 3 -h excn e  , 1 5 -5$ t r a n s - 2 - o c  tcnc , l b .  3$  t r a n s - 3- o c  tone , 1 *3 . b$ 
c i s - k  , ) | - d i m e t h y l - 2 - p c n t e n c  , 1 9 . 1$ c is -> l-  mo thy 1 -  2 - pen tone and 1 9 . 1$,
1 0 7
t r a n s - 4 - m e t h y l - 2 - p e n t e n e  or 6 5 .^? t ran s  and ^b.G<j0 c i s  i s o m e r s .  Type 
I I I  c o n ta in e d  7 5 -7 $  2 - e t h y l - l - h e x e n e  and 2k.  3^ 2 - m e t h y l - l - p e n t c n e .
Type IV c o n ta in e d  k 6 . 7 $  2 , 5 - d i m e t h y l - 2 - h e x e n e  and 53 O';'; 3 ~ e t h y I - 2 -  
p e n t e n e .
There are three  ways to a n a ly z e  the spectra . .  The break  
between the v a r i o u s  types  o f  o l e f i n s  can be p ic k ed  out  by i n s p e c t i o n  
and then by c o n s i d e r i n g  the s t r u c t u r e  o f  the  o l e f i n ,  i . e .  number o f  
hydrogen atoms,  th e  v a r i o u s  typ es  can be de term ined .  S e c o n d ly ,  a r ­
b i t r a r y  b reak ing  p o i n t s  can be chosen  on the chemica l  s h i f t  s c a l e  o r ,  
t h i r d ,  the s p e c t r a  can be s ta n d a r d i z e d  so t h a t  on ly  a p o r t i o n  o f  the  
s p e c t r a  need be f r e e  o f  ov e r la p  to p ro v id e  a n a l y s i s .  Methods one 
and two have both been used  e x t e n s i v e l y .  Method th ree  has been  
t r i e d  on a few samples but wa.s i m p r a c t i c a l  t o  use  e x c e p t  when a ma­
t r i x  o f  normal Type I  o l e f i n s  was e n c o u n te r e d ,  however in  t h i s  c a s e  
e i t h e r  o f  the o th e r  methods worked e q u a l l y  as  w e l l  as method t h r e e .
C. RESULTS AND DISCUSSION
1 .  D e s c r i p t i o n  o f  S p e c tr a
Type I  o l e f i n s  c o n t a i n  th r e e  o l e f i n i c  hydrogens  on the t e r ­
minal o l e f i n i c  group.  l - 0 c t e n e  r e p r e s e n t e d  a s t r a i g h t  c h a in  o l e f i n .  
The 60 MHz spectrum i s  shown in  F igure  j h . The o l e f i n i c  proton por­
t i o n  o f  t h i s  spectrum showed two d i s t i n c t  r e g i o n s .  The d ow n f ie ld  
p o r t io n  o f  the spectrum t h a t  was due to  the i n t e r n a l  hydrogen showed 
resonance  (12 p eak s)  in  the r e g i o n  5*^3 to 6 . 0 8  p .p .m .  The u p f i e l d  
p o r t io n  o f  the spectrum was due to  the reson an ce  o f  the hydrogens  on 
the term ina l  o l e f i n  carbon.  These two hydrogens produced th ree  com­
p l e x  peaks t h a t  r e s o n a t e d  in  the r e g i o n  k .7 3  to 5 -10  p . p.m. k-M ethyl-
1 -p e n te n e  r e p r e s e n t e d  branched c h a in  o l e f i n s  where the branching takes
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p la c e  beyond the t h i r d  carbon,  in  t h i s  c a s e  on the fo u r th  carbon.  
Branching beyond the fo u r th  carbon would be e x p ec te d  to g iv e  s p e c t r a  
s i m i l a r  to  those  w i t h o u t  branching w i th  r e s p e c t  to  the o l e f i n  proton  
r e g i o n .  I n s p e c t i o n  o f  the dow n f ie ld  p o r t i o n  o f  the spectrum, F igure  
35,  i n d i c a t e d  t h a t  th ere  were s t i l l  12 peaks produced,  however ,  the  
reson ances  had s h i f t e d  to  the r e g i o n  5 - 4 8  to 6 .1 5  p .p .m .  w h i l e  the  
u p f i e l d  p o r t i o n ,  clue to  the two hydrogens  on the term ina l  carbon,  
showed reson an ces  between 4 . 7 6  and 5 -20  p .p .m .  and had changed from 
th ree  complex peaks ( e n v e l o p e s )  to two such peaks .
When s u b s t i t u t i o n  occured c l o s e r  to the double bond the 
spectrum changed more d r a s t i c a l l y .  In the c a s e  o f  3_et;h y l - l - p c n t c n e  
where the s u b s t i t u t i o n  occurred  on the carbon a.djacent to the double  
bond the d o w n f ie ld  p o r t i o n  o f  the spectrum (8 p e a k s ) ,  as shown in  
F igure  ?6 ,  s t r e t c h e d  from 5-25 to 5 -8 0  p .p .m .  w h i l e  the u p f i e l d  por­
t i o n  o f  the spectrum was l o c a t e d  in  the r e g i o n  4 . 7 3  to  5-05  p .p .m.
The spectrum was a l s o  g r e a t l y  s i m p l i f i e d  in  t h i s  r e g i o n .
Type I I  o l e f i n s  can be d iv id e d  i n t o  two s u b c l a s s e s ,  th ose  
w ith  hydrogens in  a. c i s  c o n f i g u r a t i o n  and th ose  w i th  the hydrogens  
in  a tran s  c o n f i g u r a t i o n .  In the tra.ns isomers  s e v e r a l  v a r i e t i e s  o f  
s u b s t i t u e n t  carbons are  i l l u s t r a t e d .  In the c i s  i som er ,  however,  
fewer examples were a v a i l a b l e .  F ig u r e s  37 through 42 show the s p e c ­
tra  of  s e v e r a l  Type I I  o l e f i n s  w i t h  s e v e r a l  v a r i e t i e s  o f  branching  
and s u b s t i t u e n t s  shown. F igure  37 shows the spectrum o f  t r a n s - 2 -  
o c t e n e .  The major p o r t i o n  o f  the proton  resonance,  occurred in  the  
r e g i o n  J l 6  to 328 p .p .m .  The p e a k ( s )  was complex and u n sym m ctr ica l . 
The spectrum o f  t r a n s - 3 ~ o c t e n e , F igure  3 8 ? a l s o  gave a. s i n g l e  complex  
u n r e s o lv e d  peak in  the o l e f i n i c  proton r e g i o n  o f  the spectrum. The
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o l e f i n  w as ,  however ,  symmetrica l  w i t h  r e s p e c t  to the ca.rbons a d ja c e n t  
to  the o l e f i n  group (carbons  2 and 4 are both methylene groups)  and 
the reck  under h ig h e r  r e s o l u t i o n  was a p p rox im ate ly  a t r i p l e t  w i th  the  
r e g i o n  o f  s t r o n g  resonance  from to  329 p .p .m .  t r a n s - k - M e t h y l - 2 -  
penten e  i s  an u n sym m etr ica l ly  s u b s t i t u t e d  e t h y l e n e  (methyl and i s o ­
propyl s u b s t i t u t i o n ) .  This la c k  o f  symmetery was r e f l e c t e d  in the  
o l e f i n i c  p o r t i o n  o f  the spectrum (5 -3 7  to 5-55 p . p . m . )  as shown in  
F igure  39* A much s im p ler  symmetrica l  spectrum was ob ta in ed  from 
t r a n s - 2 , 5 - d i m e t h y l - 3 - h e x e n e , a s y m m etr ica l ly  s u b s t i t u t e d  e t h y le n e  
( d i i s o p r o p y l  s u b s t i t u t i o n ) .  This spectrum i s  i l l u s t r a t e d  in  Figure  
k O . The too o l e f i n  protons  r e s o n a te d  in  the r e g i o n  5-39  to 5 .U7 p. 
p.m. and the spectrum appeared as four c l o s e l y  spaced ,  u n reso lved  
p e a k s .
In g e n e r a l ,  the c i s  isomers  of  the Type I I  o l e f i n s  had o l e ­
f i n i c  proton  reson an ce  a.t a h ig h e r  f i e l d ,  fo r  exa.mple, c i s - k - m e t h y l -  
2 -p e n te n e  (F igure  k l )  r e s o n a t e d  in  the r e g i o n  ^ . 1 6  to 5 0 3  p .p .m.  
w h i l e  the t ran s  isomer o f  the same compound r e s o n a t e d  in  the r e g i o n  
5 . 3 7  to 5*55 p .p .m .  The on ly  o th er  pure Type I I  o l e f i n  s t u d i e d  was 
c i s - k , k - d i m e t h y l - 2 - p e n t e n e . The spectrum ob ta in ed  f o r  t h i s  o l e f i n  
i s  shown in  F ig u r e  k2,  This o l e f i n  in  a d d i t i o n  to be in g  an unsym- 
metrica.1 o l e f i n  (methyl and t - b u t y l  s u b s t i t u t i o n )  a l s o  has the f e a ­
ture  th a t  o n ly  one of  the a.lka.ne s u b s t i t u e n t s  p o s s e s s e s  hydrogens on 
the s u b s t i t u e n t  carbon.  Thus the o l e f i n i c  proton  r e g i o n  o f  the s p e c ­
trum should r e f l e c t  o n ly  the o l e f i n i c  protons  s p l i t  by each o th er  and 
the methyl p r o to n s .
Type I I I  o l e f i n s  c o n t a i n  the term ina l  o l e f i n i c  group which  
i s  branched,  th a t  i s  the o l e f i n  i s  d i s u b s t i t u t e d  on the second carbon.
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Two v a r i e t i e s  were  i n v e s t i g a t e d ;  (1 )  m e th y l ,  methylene  s u b s t i t u t i o n  
and (2 )  d im e th y le n e  s u b s t i t u t i o n  on the second carbon .  Under low 
r e s o l u t i o n  the peaks appeared to be s i n g l e  bands o f  the order  o f  
3 H z  w i d e ,  however ,  under h ig h e r  r e s o l u t i o n  s p l i t t i n g  o f  the order  
o f  1 H z  can be s e e n .  Exam inat ion  o f  the o l e f i n i c  p o r t i o n  o f  the  
NMR spectrum o f  2 - e t h y l - l - h e x e n e , F ig u r e  4 3 ,  showed a. s i n g l e  narrow 
r e g i o n  of  reson ance  from 4 . 7 3  to  4 . 8 0  p .p .m .  The peak under h ig h e r
r e s o l u t i o n  appeared to  be a. d i s t o r t e d  q u i n t e t  c e n t e r e d  a t  4 . 7 7  p .p .m .
2 - M e t h y l - l - p e n t e n e  c o n t a i n s  methyl and methylene  s u b s t i t u t i o n  i n  the  
.second carbon.  The o l e f i n i c  p o r t i o n  o f  the spectrum ,  F ig u r e  4 4 ,  
showed a s i n g l e  peak fo r  the two term ina l  p r o t o n s .  The c e n t e r  o f  
t h i s  peak was l o c a t e d  a t  4 . 7 5  p .p .m .  Exam inat ion  o f  t h i s  peak under 
c o n d i t i o n s  o f  h ig h e r  r e s o l u t i o n  i n d i c a t e d  t h a t  the peak was a h i g h l y  
d i s t o r t e d ,  p o o r ly  r e s o l v e d  s e x t e t  w i t h  s p l i t t i n g  o f  O.9  to  1 . 0  H z .  
Examinat ion  o f  th e  m eth y lene  pea.k ( 2 . 0 2  p . p .m . )  and the methyl peak 
( 1 . 7 2  p . p . m . )  which  are  s u b s t i t u e n t s  on the second carbon r e v e a l e d  
s p l i t t i n g  o f  6 . 5  H z  and 0 . 9  to  1 . 0  H z  f o r  methylene  and m e th y l ,  r e ­
s p e c t i v e l y .  Thus i t  appeared t h a t  the  methyl hydrogens  were n o t  s p l i t  
by the hydrogens  on the  m eth y lene  but o n ly  by the o l e f i n i c  h ydrogens .
The Type IV o l e f i n s  c o n t a i n  o n ly  one o l e f i n i c  pi'oton and
th r e e  s u b s t i t u e n t  g roup s .  Except  in  the c a s e  where a l l  th r e e  groups  
are  the same i t  would be p o s s i b l e  to o b t a i n  i s o m e r s .  T h i s ,  however,  
was n o t  i n v e s t i g a t e d  in  d e t a i l .  Two examples  o f  t h i s  type o f  com­
pound were i n v e s t i g a t e d ;  ( l )  d i m e t h y l ,  methylene  and ( 2 ) d im e th y le n e ,  
methyl s u b s t i t u t i o n .  In both c a s e s  the two s i m i l a r  groups were on 
the same carbon.
2 , 5 - D i m e t h y l - 2 - h e x e n e  h a s  two m e t h y l  g r o u p s  on  one  o l e f i n
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ca rb o n  and an i s o b u t y l  group ( m e t h y l e n e )  and o l e f i n i c  h ydrogen  on the  
o t h e r  o l e f i n i c  carb on .  The NMR sp ec tru m  o f  t h i s  compound, w hich  i s  
rep r o d u c e d  i n  F i g u r e  H-5 , showed a. w i d e ,  broad t r i p l e t  f o r  th e  s i n g l e  
p r o t o n .  The t r i p l e t  was c e n t e r e d  a t  5 . 1 5  p .p . m .  and showed a s p l i t ­
t i n g  o f  ~  6 . 5  Hz.  C l o s e r ■e x a m i n a t i o n  i n d i c a t e d  t h a t  ea ch  o f  the  
t h r e e  peaks ■was i n  r e a l i t y  a. group o f  p e a k s .  The s m a l l e r  peaks  were  
s e p a r a t e d  from 2 . 5  t o  5 Hz.  There a pp eared  t o  be tw en ty  o f  t h e s e  
s m a l l e r  peaks  i n  t h i s  r e g i o n .  T h is  r e g i o n  measured from th e  c e n t e r s  
o f  th e  s m a l l e r  peak  e x te n d e d  from 5 - 1 0  t o  5*^-2 p .p . m .  The o t h e r  
o l e f i n ,  3 ~ e t h y l - 2 - p e n t e n e , has  two e t h y l  groups  (m e th y le n e  c a r b o n s )  
on one o l e f i n  ca rb o n  and a m ethyl  group and o l e f i n i c  hydrogen  on the  
o t h e r  o l e f i n i c  c a r b o n .  E x a m in a t io n  o f  th e  NME s p e c tr u m ,  F i g u r e  h 6 , 
showed a. q u a r t e t  in  th e  o l e f i n i c  r e g i o n  c e n t e r e d  a t  5*25  p .p . m .  
w i t h  s p l i t t i n g  o f  7 Hz.  C l o s e r  e x a m i n a t i o n  a t  h i g h e r  r e s o l u t i o n  
showed t h a t  t h e s e  f o u r  peaks  were  made up o f  a. s e r i e s  o f  s m a l l e r  
peaks h a v i n g  a s e p a r a t i o n  o f  0 . 3  to  0 . 7  Hz.  E x a m in a t io n  o f  the  
methyl  peak ( I .5 8  p . p . m . )  and th e  m e t h y le n e  peak ( 2 . 0 2  p . p . m . )  i n ­
d i c a t e d  t h a t  th e  main s p l i t t i n g  i n  the  c a s e  o f  th e  m ethy l  ( d o u b l e t )  
was 6 . 5  Hz w i t h  some f r a c t i o n a l  Hz s p l i t t i n g  a l s o  i n d i c a t e d  on th e  
peaks  and i n  th e  c a s e  o f  m e th y le n e  ( d i s t o r t e d  q u a r t e t )  i t  was from
6 .5  t o  7 Hz ,  a l s o  w i t h  some f r a . c t i o n a l  H z ,  u n r e s o l v e d  s p l i t t i n g  o f  
th e  major p e a k s .
For the  sake  o f  c o m p l e t e n e s s  2 , 3 “ d i m c t h y l - 2 - b u t e n c  was  
s t u d i e d .  Th is  Type V o l e f i n  i s  a t e t r a m e t h y l  s u b s t i t u t e d  e t h y l e n e  
and has  no o l e f i n i c  h y d r o g e n s ,  thus  th e  o n l y  peak o b t a i n e d  was a 
m ethyl  s i n g l e t  a t  I .65  p .p .m .
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2 .  Chemical S h i f t s
The ch em ic a l  s h i f t  data  p r e s e n t e d  i n  F ig u r e  ^7 f o l l o w s  the  
b a s i c  format  used  by B a r tz  and Chamberlain and S t e h l i n g  and Bartz  
but has been a d j u s t e d  to  r e f l e c t  a u th o rs  d a ta .  The b l a c k  r e c t a n ­
g l e s  i n d i c a t e  th e  range o f  ch em ic a l  s h i f t s  o f  major hydrogen t y p e s ,  
the w h i t e  r e c t a n g l e s ,  the su b ty p es  and th e  h o r i z o n t a l  l i n e s  r e p r e s e n t  
the approximate  range  t h a t  encompasses 9 5 $ ° f  a r e a  o f  the par­
t i c u l a r  p r o to n .  This  l a t t e r  was i n c l u d e d  to  g iv e  some i n d i c a t i o n  o f  
p o s s i b l e  o v e r l a p .  F ig u r e  h8 i s  s i m i l a r  t o  F ig u r e  b j  e x c e p t  t h a t  i t  
p r e s e n t s  d ata  f o r  the  o l e f i n i c  h yd rogen s .
3 .  C h a r a c t e r i s t i c  NMR S p e c t r a
I n t e r p r e t a t i o n  o f  the s p e c t r a  o f  unknown o l e f i n s  was s im ­
p l i f i e d  s i n c e  c e r t a i n  f u n c t i o n a l  groups  p r e s e n t  were  r e a d i l y  r e c o g ­
n i z a b l e .  F i g u r e s  b y  shows some o f  the  c h a r a c t e r i s t i c  o l e f i n  pro ton  
p a t t e r n s  o b t a in e d  a t  60 MHz. 100 MHz s p e c t r a l  p a t t e r n s  were found  
to be s im p le r  p a r t i c u l a r l y  for  the u p f i e l d  p o r t i o n  o f  the o l e f i n  
spectrum,  however the o th e r  s p e c t r a  were e s s e n t i a l l y  s i m i l a r .
The o l e f i n i c  hydrogen s p e c t r a  o f  Type I  o l e f i n s  were com­
p l e x  p a t t e r n s ,  however the  d o w n f i e ld  p o r t i o n  o f  the spectrum ,  due to  
the i n t e r n a l  h ydrogen ,  was s e p a r a t e d  from the u p f i e l d  p o r t i o n  due to  
the te r m in a l  h y d r o g e n s .  Ig n o r in g  co m b in a t io n  bands which  were  o f  
low i n t e n s i t y ,  the spectrum o f  the  i n t e r n a l  o l e f i n  hydrogen  in  
RCH2CI-1=CH2 , R2CHCH=CH2 and R3CCH=CH2 o l e f i n s  i n c l u d e d  1 2 ,  8 and b  
b ands ,  r e s p e c t i v e l y .  . The l a t t e r  p a t t e r n  was a l s o  o b t a in e d  when the  
a d j a c e n t  methylene  was d eco u p led .
In Type I I I  o l e f i n s  the  o l e f i n i c  hydrogens  g e n e r a l l y  had 
n e a r l y  i d e n t i c a l  ch em ica l  s h i f t s  and gave a s i n g l e  band showing some
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C h a r a c t e r i s t i c  S p e c t r a  o f  Type I  O l e f i n  Hydrogens :  
(1) CII2 ; (2) C1I; (3)  C A d j a c e n t  t o  Double Bond
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" f i n e  s t r u c t u r e "  a s  shown i n  F i g u r e  ^-9* H ow ever ,  i t  h a s  b e e n  r e ­
p o r t e d  ( 5 , 1^0 t h a t  when one o f  t h e  s u b s t i t u e n t s  (R2 C=CH2 ) i s  
-CH2CR3 o r  -CH(R)CR.3 two w e l l  r e s o l v e d  b a n d s  a r e  o b s e r v e d .
t
I n  Type IV o l e f i n s  (R2C=CHR) t h e  s p e c t r u m  a p p e a r e d ,  on 
c a s u a l  e x a m i n a t i o n ,  to  r e f l e c t  t h e  s i m p l e  s p l i t t i n g  p a t t e r n s  e x p e c t ­
ed f o r  i n t e r a c t i o n  w i t h  t h e  a d j a c e n t  R g r o u p .  T h u s ,  a s  i s  shown i n  
F i g u r e  5 0 ,  an  a d j a c e n t  m e th y l  y i e l d e d  a. f a i r l y  w e l l  d e v e l o p e d  q u a r ­
t e t ,  a m e t h y l e n e  a f a i r l y  w e l l  d e v e l o p e d  t r i p l e t  and  a  m e th y l  a 
f a i r l y  w e l l  d e v e l o p e d  d o u b l e t  (5)*  D a t a  on  a  q u a t e r n a r y  c a r b o n  was 
n o t  a v a i l a b l e  b u t  i t  i s  e x p e c t e d  t h a t  an  a p p r o x i m a t e  s i n g l e t  w ou ld  
be o b t a i n e d .
I n  g e n e r a l ,  g r o u p s  a d j a c e n t  t o  t h e  o l e f i n  showed f a i r l y  
w e l l  d e v e l o p e d  s p l i t t i n g  p a t t e r n s  i n  Type I I  o l e f i n s  o n l y  when t h e y  
w e re  i n  c i s  i s o m e r s .  I n  Type I I I  o l e f i n s  t h e r e  was  m in im a l  s p l i t ­
t i n g  f o r  Q '-m e thy ls  and  c v -m e th y le n es  a p p e a r e d  t o  be s p l i t  m a i n l y  by 
t h e  g ro u p  a d j a c e n t  i n  t h e  R g r o u p .  I n  Type IV o l e f i n s  t h e  c i s - t r a n s  
s p l i t t i n g  a p p e a r e d  t o  be o f  t h e  o r d e r  o f  1 - 1 . 5  Hz w h i l e  t h e  g e m in a l  
H—R s p l i t t i n g  was fo u n d  t o  be  o f  t h e  o r d e r  o f  6 H z .  T h i s  d i f f e r e n c e  
a p p e a r e d  t o  be t h e  c a u s e  o f  t h e  c h a r a c t e r i s t i c  s p e c t r a l  p a t t e r n s  r e ­
p o r t e d  p r e v i o u s l y .
D e t e r m i n a t i o n
The r e s u l t s  o f  a n a l y s i s  o f  s e v e r a l  s i m p l e  a,nd c o m p lex  mix­
t u r e s  o f  o l e f i n s  i s  g i v e n  i n  T a b l e  XVII .  E x a m i n a t i o n  o f  t h e  d a t a  i n ­
d i c a t e d  t h a t  a n a l y s i s  o f  m i x t u r e s  o f  Types  I ,  I I ,  I I I  and  IV i n  a 
s i n g l e  s o l u t i o n  was n o t  p o s s i b l e  by a  s t r a i g h t  f o r w a r d  t e c h n i q u e .
T h i s  was a l s o  t h e  c a s e  f o r  m i x t u r e s  c o n t a i n i n g  b o t h  Type I I  and IV 
o l e f i n s .  H ow ever ,  s e l e c t e d  s i m p l e  m i x t u r e s  o f  Types  I ,  I I  and I I I
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C h a r a c t e r i s t i c  S p e c t r a  o f  Type IV O l e f i n s  w i t h  G eminal  S u b s t i t u e n t :  
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TABLE XVII
RESULTS FROM NMR (60 MHz.) ANALYSIS OF COMPLEX OLEFIN SAMPLES*
Type I  
Added Found
Type I I  
Added Found
Type
Added
I I I
Found
Type IV 
Added Found
9 6 . 8 9 ^ -5 3 . 2 U.5
9 6 . 9 9 6 . 0 3 . 1 b.O
9 6 . 8 9 7 . 8 3 -2 2 . 2
3 -2 1 ^ . 5 9 6 . 8 8 5 . 2
9 6 . 9 9 5 - 6 3 . 1 b . b
9 6 . 8 100 3 - 2 *
3 . 0 l+. l 9 7 . 0 95 -9
3 . 0 3 . b 9 7 . 0 9 6 . 6
9 7 . 0 9 3 - 3 3 -0 6 . 7
3 . 2 0 . 8 9 6 . 8 9 9 - 2
3 . 2 * 9 6 . 8 100
3 . 1 2 . 5 9 6 . 9 9 7 .5
9 1 . 0 9 5 -9 3 . 0 l . k 3 . 0 2 . 7 3 . 0 -X -
3-0 7 . 8 9 1 . 0 8 8 .3 3 . 0 3 -9 3-0 *
3 -0 8 . 3 3-0 2 . 1 9 1 . 0 8 9 .6 3-0 *
3 . 0 0 . 9 3 . 0 * 3 . 0 3 . 3 9 1 . 0 9 5 - 8
* Type I I  and Type IV c o u n t e d  t o g e t h e r  due t o  o v e r l a p .
* D i s c r i p t i o n  o f  sam ples  on page 1 0 5 .
1 3 2
o l e f i n s  c o u l d  be a n a l y z e d  e a s i l y .  The key t o  a n a l y s i s  was t h e  two 
s p e c t r a l  r e s p o n s e  r e g i o n s  f o r  Type I  o l e f i n s  and Type I I  o l e f i n s .
These  r e g i o n s  o v e r l a p p e d  and p r e v e n t e d  t h e  d i r e c t  m easurem en t  of  
peak a r e a s  r e l a t e d  t o  c o n c e n t r a t i o n .  The p ro b lem  was c o r r e c t e d  f o r  
by u s i n g  th e  s i g n a l s  from th e  t e r m i n a l  Type I  hy d ro g e n s  f o r  a n a l y s i s  
o f  Type I  and c o r r e c t i o n  f o r  o v e r l a p  i n  t h e  s i n g l e  p r o t o n  r e g i o n .  
O v e r la p  be tween  th e  Type I  and I I I  p r o t o n s ,  even  i n  com plex  m i x t u r e s ,  
d i d  n o t  become a  p rob lem  u n t i l  t h e  c o n c e n t r a t i o n s  o f  Type I I I  o l e f i n  
became e q u a l  to  o r  g r e a t e r  t h a n  t h a t  o f  t h e  Type I  o l e f i n .  With 
s i m p l e r  m i x t u r e s ,  i . e .  m i x t u r e s  i n  w h ich  t h e  s u b s t i t u e n t  R g roups  
were  o f  fewer  v a r i e t i e s  as  one would  e x p e c t  i n  h i g h e r  m o l e c u l a r  w e i g h t  
m i x t u r e s ,  i t  wou ld  be e x p e c t e d  t h a t  b e t t e r  r e s u l t s  would  be o b t a i n e d .  
E v id e n c e  f o r  t h i s  c o u l d  be s e e n  i n  t h e  s i m p l e r  m i x t u r e s  and i n  the  
d a t a  r e p o r t e d  by F l a n a g a n  and S m i th  ( 1 ^ ) .
I n  o r d e r  t o  m in im iz e  t h e  o v e r l a p  o f  s i g n a l s  o b s e r v e d  i n  
60 MHz s p e c t r a  two a d d i t i o n a l  a p p r o a c h e s  t o  th e  p ro b le m  w ere  t r i e d .  
P a r t  o f  th e  work  was r e p e a t e d  a t  100  MHz and a  s e r i e s  o f  s p i n  d e ­
c o u p l i n g  e x p e r i m e n t s  w e re  c o n d u c t e d .  S i n c e  t h e  Type I  o l e f i n  o c c u ­
p i e d  t h e  mos t  s p a c e  i n  t h e  s p e c t r u m  and  a d d i t i o n a l l y  was p r o b a b l y  
t h e  most  l i k e l y  o l e f i n  t y p e  t o  be e n c o u n t e r e d  i n  a n a l y s i s ,  a t t e m p t s  
were  made t o  d e c o u p l e  t h e  v a r i o u s  o l e f i n  p r o t o n s  and th e  p r o t o n s  on 
th e  c a r b o n  a d j a c e n t  t o  t h e  o l e f i n .  S i n c e  t h e  o l e f i n  r e g i o n  was t h e  
r e g i o n  o f  i n t e r e s t  i t  was a d v a n t a g e o u s  t o  d e c o u p l e  a t  a  p o s i t i o n  as 
f a r  away a s  p o s s i b l e  t o  m in im ize  t h e  d i f f i c u l t i e s  w h ich  m ig h t  be e n ­
c o u n t e r e d  from th e  d e c o u p l i n g  s i g n a l .  As s e e n  p r e v i o u s l y  i n  F i g u r e  
U8 th e  c h e m ic a l  s h i f t s  o f  cy-methylene  p r o t o n s  f e l l  i n  a  n a r ro w  ra n g e  
and t h u s ,  by d e c o u p l i n g  a t  a. f a i r l y  h ig h  power l e v e l ,  a t  6 = 2 . 0 2
i
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p . p . m . ,  i t  was p o s s i b l e  to  d e c o u p le  t h e s e  p r o t o n s  i n  th e  Type I  o l e ­
f i n  and to  p a r t i a l l y  d e c o u p le  s i m i l a r  p r o t o n s  i n  o t h e r  o l e f i n  t y p e s .  
The i n i t i a l  s p i n  d e c o u p l i n g  work was pe r fo rm ed  on t h e - H A  6 0 ,  how­
e v e r  t h i s  i n s t r u m e n t  was c o n v e r t e d  d u r i n g  th e  c o u r s e  o f  the  work 
to  100 M H z  ( H A  100)  and th u s  t h e  b u l k  o f  t h e  work was p e r fo rm e d  a t  
100 M H z .
F i g u r e  'pi g i v e s  the  sp e c t r a ,  o f  1 - o c t e n e  o b t a i n e d  a t  60 M H z  
on the  H A - 60 N M R  s p e c t r o m e t e r .  The upper  t r a c e  was o b t a i n e d  w i t h  
d e c o u p l i n g  a t  6 = 2 . 0 2  p . p .m .  w h i l e  th e  lower  t r a c e  was o b t a i n e d  i n  
the  normal mode. Both s i g n a l s  were o b t a i n e d  by sweep ing  th e  f r e ­
quency r a t h e r  th a n  sweep ing  t h e  f i e l d  as  was th e  c a s e  w i t h  th e  A-60 
N M R  s p e c t r o m e t e r .  F i g u r e  52 shows th e  same s p e c t r u m  o b t a i n e d  a t  
100 M H z  on the  HA-100 N M R  s p e c t r o m e t e r ,  however i n  t h i s  c a s e  o n ly  
the  o l e f i n i c  p o r t i o n  o f  the  s p e c t ru m  i s  shown. The d o w n f i e ld  p o r ­
t i o n  o f  t h e  s p e c t ru m  (5*53 to  5 -9^  p . p . m . )  was th e  i n t e r n a l  p r o t o n  
and the  u p f i e l d  p o r t i o n  o f  th e  s p e c t r u m  (U.79 t o  5*08  p . p . m . )  was 
due to  the  two t e r m i n a l  p r o t o n s .
F i g u r e s  53 a nd 5^ + g iv e  t h e  NMR s p e c t r a  o f  15 mole <f0 t r a n s -  
2 - o c t e n e  and 5 mole <f0 t r a . n s - 3 - o c t e n e  s o l u t i o n s ,  r e s p e c t i v e l y ,  i n  1 - 
o c t e n e .  The s i g n a l s  from th e  two Type I I  o l e f i n s  a p p e a r e d  i n  the  
r e g i o n  5*28 t o  5-^5  p . p .m .  F i g u r e  55 g i v e s  th e  N M R  s p e c t r u m  o f  2-  
e t h y l - l - h e x e n e  i n  1 - o c t e n e  s o l u t i o n  where  t h e  two o l e f i n  p r o t o n s  
ap p e a re d  i n  t h e  r e g i o n  b . 6 0  t o  ^+.70 p . p .m .  F i g u r e  56  shows the  
sp ec t ru m  o f  5 mole <J0 t r a . n s - 3 - o c t e n e  and 5 mole <j0 2 - e t h y l - l - h e x e n e  i n  
1 - o c t e n e  s o l u t i o n .
T ab le  XVIII  summarizes th e  r e s u l t s  o f  a n a l y s i s  o f  s e v e r a l  
samples  w i t h  and w i t h o u t  s p i n  d e c o u p l i n g .  I n  g e n e r a l ,  i t  ap p e a re d
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F i g u r e  51
NMR S p ec t ru m  o f  l - 0 c t e n e :  (1)  60 MHz.; (2)  S p in  D e c o u p l in g  a t  2 .0 2  p . p . m .
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F ig u r e  52
NMR S p e c t r u m  o f  O l e f i n  P r o t o n s  o f  1 - O c t e n e  
(1 )  100 MHz; (2 )  S p i n  D e c o u p le d  a t  2 . 0 2  p . p . m .
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F i g u r e  53
NMR S p e c t ru m  o f  O l e f i n  P r o t o n s  o f  5 Mole <J0 t r a n s - 2 - 0 c t e n e  i n  
l - 0 c t e n e :  ( 1 )  60 MHz; ( 2 ) 60 MHz S p i n  D ec o u p le d  a t  
2 . 0 2  p . p . m . ;  ( 3 ) 100 MHz
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F i g u r e  54
NMR S pec t rum  o f  O l e f i n  P r o t o n s  o f  5 Mole 7. t r a n s - 3 - 0 c t e n e  i n  
l - O c t e n e :  (1) 100 MHz; (2) S p i n  D ecoup led  a t  2 . 0 2  p . p . m .
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F i g u r e  55
NMR S pec t rum o f  'O l e f i n  P r o t o n s  o f  15 Mole % 2 - E t h y l - l - h e x e n e  i n  
1 -O c tc n e :  (1)  100 MHz; (2)  S p in  Decoupled  a t  2 . 0 2  p . p . m .
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F ig u r e  56
NMR S p e c t r u m  o f  5 Mole  7. 2 - E t h y l - l - h e x e n e  a n d  5 Mole 7. t r a n s - 3 - 0 c t e n e  
i n  1 - O c t e n e : (1 )  100 MHz; (2)  S p i n  D e c o u p l e d  a t  2 . 0 2  p . p . m .
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TABLE X V III
RESULTS OF NMR DETERMINATION OF OLEFINS WITH SPIN DECOUPLING
T y p e
I
A d d e d
T y p e
I I
T y p e
I I I
F o u n d
S p i n  D e c o u p l e d  
T y p e  T y p e  T y p e  
I  I I  I I I
T y p e
I
N M R
T y p e
I I
T y p e
I I I
9 4 . 9 5 . 2 2 9 4 . 7 5 5 .2 5 - - 9 5 . 6 4 . 4 0 - -
9 4 . 7 5 . 3 0 - - 9 4 . 6 5 .3 5 - - 9 5 - 6 4 . 5 8 - -
8 6 . 0 1 4 . 0 8 6 . 3 1 3 . 7 - - 8 5 . 3 1 4 . 7 _ _
9 4 . 6 5 . 4 2 9 5 . 4 4 . 6 1 - - 9 6 . 4 3 . 6 5 - -
8 5 . 0 _ _ 1 5 . 0 8 4 . 3 - - 1 5 . 7 8 1 . 5 — 1 8 . 5 *
9 0 . 5 4 . 8 0 4 . 7 4 9 0 . 3 5 . 6 6 4 . 0 0 9 1 . 2 4 . 2 0 4 . 6 0 *
79-9 2'. 01 1 8 . 1 8 1 . 2 1 . 6 4 1 7 . 2 7 6 .8 3 . 2 0 2 0 . 0 *
8 1 .9 1 3 . 0 5 . 0 6 8 2 . 4 1 2 . 3 4 . 8 5 7 8 .6 1 3 . 2 8 . 0 0 *
* S t r a i g h t  NMR A n a l y s i s  a t  60 MHz. S p i n  d e c o u p l i n g  ( 2 . 0 2  p . p . m . )  
100 MHz NMR.
1 U
t h a t ,  a t  l e a s t  f o r  a n a l y s i s  i n  a  Type I  o l e f i n  m a t r i x ,  t h e  l i m i t i n g  
f a c t o r  on a c c u r a c y  and  p r e c i s i o n  was t h e  a c c u r a c y  w i t h  w h ic h  th e  i n ­
t e g r a l  c o u l d  be r e a d  and  r e p r o d u c e d .  I n  most  c a s e s  t h e  i n t e g r a l  
c o u l d  be r e a d  t o  + 1 u n i t  (2 5 0  u n i t s  f u l l  s c a l e ) ,  how ever  r e p r o d u c i ­
b i l i t y  i n  g e n e r a l  was t h r e e  t o  f i v e  t i m e s  p o o r e r .  A v e r a g i n g  f i v e  
i n t e g r a l s  u s u a l l y  p r o v i d e d  t h e  same a n s w e r  a s  a v e r a g i n g  a  l a r g e r  num­
b e r  o f  i n t e g r a l s  and  was u s e d  r o u t i n e l y  e x c e p t  i n  s uch  c a s e s  a s  when 
one o f  t h e  i n t e g r a l s  d i f f e r e d  w i d e l y  f ro m  t h e  o t h e r s .  I n  a n a l y s e s  
w i t h  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  o l e f i n s ,  p a r t i c u l a r l y  Type I I  o l e ­
f i n s ,  t h e r e  was  a  t e n d e n c y  t o  o b t a i n  low r e s u l t s ,  how ever  t h i s  d i d  
n o t  p r e s e n t  a. p r o b le m  a t  f a i r l y  low c o n c e n t r a t i o n s .
D . CONCLUSIONS
The NMR method  h a s  s e v e r a l  a d v a n t a g e s  o v e r  o t h e r  m e thods  o f  
a n a l y s i s .  I n  p a r t i c u l a r  t h e  s i g n a l  p o s i t i o n s  ( c h e m i c a l  s h i f t s  and 
c o u p l i n g  c o n s t a n t s )  o f  t h e  o l e f i n i c  h y d r o g e n s  a r e  e s s e n t i a l l y  i n ­
d e p e n d e n t  o f  m o l e c u l a r  w e i g h t  and t h u s  members o f  hom ologous  s e r i e s  
and  c l o s e l y  r e l a . t e d  compounds g i v e  v e r y  s i m i l a r  s p e c t r a .  The s i g ­
n a l s  and  t h e i r  r e l a t i v e  i n t e n s i t i e s  a r e  e f f e c t e d  t o  o n l y  a  m in o r  e x ­
t e n t  by th e  s t r u c t u r e  o f  t h e  m o l e c u l e  beyond  t h e  a d j a c e n t  c a r b o n  and  
a l m o s t  none  by a n y t h i n g  beyond  t h e  s e c o n d  c a r b o n  w i t h  t h e  e x c e p t i o n  
o f  v e r y  b u l k y  g r o u p s .  Thus s a m p l e s  c o n t a i n i n g  a  w id e  v a r i e t y  o f  
m o l e c u l a r  w e i g h t s  may be a n a l y z e d  w i t h o u t  s e p a r a t i o n  o r  p r i o r  k now l­
e d g e  o f  d i s t r i b u t i o n .  A d d i t i o n a l l y  few i n t e r f e r e n c e s  c a n  be e x p e c t e d .
A p p l i c a t i o n  o f  s p i n - d e c o u p l i n g  a l l o w s  r e m o v a l  o f  much o f  t h e  
o v e r l a p  w h ic h  makes a n a l y s i s  o f  o l e f i n s  d i f f i c u l t .  I t  i s  p o s s i b l e  
t h a t  a t  100 MHz w i t h  s p i n - d e c o u p l i n g  o f  t h e  m e t h y l e n e  g r o u p  ( 2 . 0 2  
p . p . m . )  a d j a c e n t  t o  t h e  o l e f i n  t h i s  a n a l y s i s  c a n  be e x t e n d e d  to
ih p .
i n c l u d e  a n a l y s i s  o f  T y p e  I V  c o m p o u n d s  o f  t h e  t y p e  R R C = C H — C H 2 R ,  h o w ­
e v e r  t h i s  w i l l  r e q u i r e  " c o m p l e t e "  d e c o u p l i n g ,  p r o b a b l y  o v e r  a  r e g i o n  
o f  s e v e r a l  H z  i n  t h e  a r e a s  o f  2 . 0 2  a n d  2 . 6 7 -  W i t h  s i g n a l s  s e v e r a l  
H z  w i d e  i t  w o u l d  b e  p o s s i b l e  t o  d e c o u p l e  b o t h  t h e  a d j a c e n t  m e t h y l e n e  
a n d  m e t h y l  h y d r o g e n s .  T h i s  p r o c e s s  m i g h t  p o s s i b l y  b e  c a r r i e d  o n e  
s t e p  f u r t h e r  a n d  w i t h  t h e  u s e  o f  a  v e r y  w i d e  b a n d  s i g n a l  g e n e r a t o r  
a l l  t h e  s p e c t r a l  r e g i o n s  e x c e p t  t h o s e  o f  i n t e r e s t  c o u l d  b e  d e c o u p l e d .  
T h e  l a t t e r  i s ,  h o w e v e r ,  p r o b a b l y  n o t  p r a c t i c a l  d u e  t o  t h e  a m o u n t  o f  
p o w e r  i t  w o u l d  r e q u i r e  a n d  t h e  i n t e r f e r e n c e s  i t  w o u l d  c a u s e  i n  t h e  
o p e r a t i o n  o f  t h e  i n s t r u m e n t .
A t  h i g h  c o n c e n t r a t i o n s  o f  T y p e  I I  a n d  I I I  o l e f i n s ,  t h e  r e s u l t s  
o b t a i n e d  w e r e  l o w  d u e  t o  e x i s t e n c e  o f  o u t  l y i n g  l o w  l e v e l  s i g n a l s  
i n  t h e  c a s e  o f  T y p e  I I  o l e f i n s  a n d  p e a k  b r o a d e n i n g  i n  b o t h  c a s e s .
T h i s  a p p e a r s  t o  b e  a b o u t  1$  a t  t h e  15$  l e v e l  a t  60 M H z ,  t h e  20$ l e v e l  
a t  100 M H z  a n d  g r e a t e r  t h a n  t h e  25$ l e v e l  a t  100 M H z  w i t h  s p i n - d e ­
c o u p l i n g .  A t  h i g h  c o n c e n t r a t i o n s  o f  T y p e  I I I  o l e f i n s  t h e r e  i s  a  
s i m i l a r  p r o b l e m .  H o w e v e r ,  i t s  o r d e r  o f  m a g n i t u d e  a p p e a r s  t o  b e  m u c h  
s m a l l e r  a n d  i n  a l l  p r o b a b i l i t y  h a s  n o  e f f e c t  o n  r e s u l t s  o f  a n a l y s i s .
N M R  a n a l y s i s  u s i n g  s p i n - d e c o u p l i n g  w h e r e  s p i n - d e c o u p l i n g  m u s t  
b e  u s e d  w i t h  a n  i n s t r u m e n t  w h i c h  s w e e p s  t h e  f r e q u e n c y  i s  n o t  g e n ­
e r a l l y  a p p l i c a b l e  t o  q u a n t i t a t i v e  a n a l y s i s  u n l e s s  t h e  a n a l y s i s  i s  
p e r f o r m e d  o v e r  a  n a r r o w  r e g i o n ,  d u e  t o  t h e  f a c t  t h a t  t h e  r e s p o n s e  o f  
t h e  i n t e g r a t o r  i s  f r e q u e n c y  d e p e n d e n t .  H o w e v e r ,  e x p e r i m e n t a l l y  t h i s  
w a s  n o t  a  p r o b l e m  i n  t h e  n a r r o w  r e g i o n  o f  i n t e r e s t .  O p e r a t i o n  w i t h  
a  f r e q u e n c y  s w e e p  i n s t r u m e n t  a l s o  p r e s e n t s  o t h e r  p r o b l e m s  w i t h  t h e  
p a r t i c u l a r  e q u i p m e n t  u s e d .  F i r s t ,  f r e q u e n c y  s w e e p i n g  g i v e s  p o o r e r  
r e s o l u t i o n  a n d  s e c o n d l y ,  i t  i s  d i f f i c u l t  t o  k e e p  t h e  p h a s i n g  o f  t h e
I'lJ
i n s t r u m e n t  a d j u s t e d .  I t  i s  e x p e c t e d  t h a t  a p p l i c a t i o n  o f  t h i s  t e c h ­
n i q u e  on a  f i e l d  sweep i n s t r u m e n t  would  y i e l d  a t  l e a s t  a s  good and 
p r o b a b l y  somewhat b e t t e r  r e s u l t s  i n  a b o u t  h a l f  t h e  t ime r e q u i r e d  f o r  
a n a l y s i s  on a  f r e q u e n c y  sweep i n s t r u m e n t .  T h i s  w ou ld  p r o b a b l y  r e d u c e  
t h e  a p p r o x i m a t e  JO m i n u t e s  p e r  sam ple  r e q u i r e d  t o  15 t o  20 m i n u te s  
p e r  sam ple  o r  l e s s .
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